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I. ABSTRACT

Novel high resolutions electromagnetic wave techniques have been used

in the optical, infrared and far infrared spectral regions to explore the IF

electronic states at metal dielectric interfaces. Because infrared surface

plasmons on metal surfaces propagate for many wavelengths, a measurement of

the transmission of these surface excitations has proven to be a sensitive I

probe of the surface itself. Both broadband and single frequency genera-

tion techniques have been developed. Reconstructed surfaces as well as

surfaces covered with a chemisorbed atomic monolayer or a thin dielectric

or molecular film have been investigated with these new methods.
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II. OBJECTIVES

A variety of different kinds of electromagnetic experiments have been

developed to provide new information about the excitation properties of

electronic states at interfaces. Infrared surface electromagnetic wave

measurements on a variety of metals using the edge coupling technique

enabled us to develope the first quantitative IR surface probe. The method r

was first used to measure Ge coated Ag and Au metals and then later a

single crystal tungsten surface in ultrahigh vacuum conditions. The large

changes in the surface electromagnetic wave attenuation coefficient upon

adsorption of diatomic gases on the tungsten surface have been identified

as adsorbate induced changes in conduction electron scattering at the sur- . -

face. These measurements provide the first infrared signature of adsor-

bate-induced surface reconstruction. While making these measurements a new

interference phenomenon was discovered on clean metal surfaces which

involves both plane electromagnetic waves and infrared surface plasmons.

The identification of the interference minimum gives the first quantitative

measurement of the surface plasmon index of refraction and hence the

carrier number density at the metal surface. Optical evanescent wave

measurements on silver-dielectric interfaces show that surface electrody-

namic processes are more important in this frequency region than previously

expected. Far infrared transmission measurements on metal-dielectric [

composites demonstrate that the anomalously large absorption observed when

1OOA metal particles are superconducting is due to particle clumping and is

not an intrinsic property of the particle surface.

FL
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III. ACCOMPLISHMENTS

Our progress during the past three years is highlighted by three novel
V

*. types of electromagnetic experiments on metals. Optical measurements show

that surface electrodynamic processes are more important than previously

expected, infrared measurements provide the first direct measurement of

both the real and imaginary parts of the surface impedance and far infrared

measurements demonstrate that the anomalous far infrared absorptivity of

100A metal particles is due to particle clumping.

A) Optical Properties of Ag M1irrors

The optical data for the noble metals at frequencies below the interband

absorption edge are accurately characterized by the free electron Drude

model.' The real and imaginary parts of the metal dielectric function can be

written

= (2)
WT

in the limit where WT >> 1. The three parameters of the model are E., the

-corepolarizability and interband transition contribution to the dc dielectric

constant, wp2 = 4~Ne 2/m, the plasma frequency squared and T 1, the electron

scattering rate. Both T-  and wp are found to vary depending on the sample

preparation techniques. 2,3

A consistent explanation of the variations observed for wp has not yet

been found although the changes are usually assigned to surface morphology.

The wp'S measured for the thin semitransparent Au films investigated by

Th6ye are about 5% larger than the values reported for electropolished bulk

samples. 2 Almost the same change in p has been measured by Hodgson for the

. . . . . ... .......................................... ......................................................................... .. .
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internal and external surface of an opaque Au film4 with the larger p.

occuring for the film-substrate interface. Since it was known that a thin T

oxide layer would reduce the apparent value of F- and E2 to, 5

1(app.) = (1 - 0 Pox ) (3)

cC oxC

and

3tw E: -1l t3trapp. P °x- + O( P) 2) E:2 (4) .'

2(app.) = (I - c Cox .. ( )

for Lr >> 1, the discrepancies have usually been blamed on this added ingre-

dient.

More recently, Weber and McCarthy 6,7 confirmed the Au results and

showed that a similar effect existed for Ag films. They found that WP at

the substrate interface was consistently about 5% larger than the Cp at the

air interface. They proposed that this difference could be understood if the

metal density near the air interface was several percent beiow that near the

substrate interface. The ubiquitious oxide layer was no longer required to

explain the apparent decrease in e, at the air-metal interface. One of the

prediction of the variable density model is that if the air is replaced by a

dielectric then the apparent decrease in e should be even larger. i" "

By measuring at eight visible wavelengths E and E2 of an Ag film

against air and then against a transparent organic liquid, we find that this

idea is not confirmed. Our results for el are shown in Fig. 1. The measured

change has the opposite sign from that given by the variable density model;

however, our complete dielectric function still can be described by the Drude

model with the well known frequency dependent relaxation time, namely, T-I(W)

To- + 6W 2 . The interesting results are that T0
1(iquid)>To 1(air) ,

B(liquid)<B(air) and that the plasma frequency w liquid>pair. The

. "- . -" -... T..... .... . .
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Figure 1. The measured real part of the dielectric function of silver versus
wavelength squared for both air A and CCI,, A half spaces and air 0 and hexane 0
half spaces. The lines are average values and given to clearly show the trends. "
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fact that changes, the sign of the change or its magnitude, appear to

eliminate all previous models which have been proposed to describe this fre-

quency dependent term. The observed changes in 3 and w are consistent

with the idea of a complex relaxation time whose real and imaginary parts are

conneted in a causal way. The index of refraction dependence of the Drude

parameters demonstrates that surface electrodynamics must play an important

role in determining the optical properties of noble metals.

I
B. Infrared Surface Electromaanetic Wave Interferometry on Clean W(IOO).

A few years ago we discovered an interference phenomen on which involved

plane electromagnetic waves (PEW's) and infrared surface electromagnetic

waves (SEW's) on dielectric coated metal surfaces. 8 We now report the obser-

vation of a related interference phenomenon on clean metal surfaces. The

interference is demonstrated with a two beam interferometer of fixed optical

path and variable frequency. The identification of the interference minimum

gives the first direct measurement of the SEW index of refraction and hence

the infrared plasma frequency.

SEW's are TM (p-polarized) inhomogeneous surface waves which propagate

along a metal/vacuum interface at nearly the velocity of light. For good

metallic conductors the infrared surface wave attenuation coefficient is

as = w2 p/41c (5)

where w is the frequency, p the d.c. resistivity and c the velocity of

light. In the same limit the index of refraction of this mode is

ns  1 + w2/22 (6)

where wp is the infrared plasma frequency.

Because the SEW wavevector is greater than that of light we use gratings

etched into a W(1O0) surface to couple CO2 laser radiation to and from
SEW's. We find that these grating couplers not only excite the SEW mode but

.!
"'" ".
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also excite plane waves at t, ime frequency. These PEW's are produced in

the form of a packet traveling in the forward direction and spreading slowly "

in width. The SEW travels along the surface with a phase velocity c/n-

while the phase velocity of the PEW's which travel above the surface is c.

At the output grating coupler which is a distance z from the input grating E

the SEN4 and PEW packet both contribute to the output amplitude; however,

these two contributions are no longer in phase. The total intensity of the

resultant PEW's launched by the second grating is

I = Is + Ip + 2(Is~p)
I /2 cos a (7)

where a [n s - 1) wz/c + ] with a constant. Complete destructive

interference occurs when a (2m + 1) 7 and Is = Ip. For W(100) and a

path lenth of 5 cm the phase is adjusted to destructive interference by vary-

ing the CO2 laser frequency from 900 cm-
1 to 1070 cm- 1. In order to obtain

equal intensity in the two arms of the interferometer, the sample temperature

is varied. Since p - T and Is - exp(-asz), a modest temperature

excursion changes this component by orders of magnitude. The temperature

dependences of the intensity for various C02 laser frequencies are shown in

Fig. 2. For W(I0) the interference give-piwp 6.9 + 0.3 eV. The Kramers

Kronig analysis of reflectivity measurements 9 on W gives -iLp 6.0eV. The

difference between these two values is much larger than the experimental

uncertainties in the SEW measurement.

The infrared SEW interferometer can be realized for poor conductors as

well as good ones such as W. If the surface propagation length, z, is made

long enough so that a , phase change can occur between the two optical paths,

then for any conductor the condition for sufficient SEW intensity at the

output is simply aSe 3 /wT where T is the electron relaxation time. Thus

the interference can be observed as long as the infrared frequency is chosen
such that WT > 1.
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C. Anomalous Far infrared Absorption by 0O0A !'etal Particle Comoosites.

The anomalous enhancement by many orders of magnitude of the measured F-

far infrared absorption coefficient of composite materials containing very

small metal particles (diameter < 100) with respect to the predictions

of simple models is not understood largely due to a lack of well-character-

ized samples with controllable properties. The configuration of the parti-

cles in the samples used in previous investigations, typically a free stand-

ing metal smokelo or a metal smoke mixed with an alkali halide and pressed

into pellets'' , 12 was not determined, e.g. with an electron microscope.

Thus, the available data do not convincingly support or eliminate either pro-

posed explanations that require clumping' 3 or intrinsic mechanisms that can

take place in isolated particles. 
.

Recent experiments by Carr, Garland and Tanner1 5 on granular supercon-

ducting samples consisting of small Sn particles embedded in an alkali halide

host have shown additional unusual results. Carr et al. found that not only

is the absorption ano:lalously large in comparison with the predictions of

classical theories I , 17 but at frequencies higher than the superconducting

gap frequency the composites are more absorbing in the superconducting state

than in the normal state. This superconducting behavior is surprising since

bulk Sn has smaller electromagnetic absorption in the superconducting state.

Two different kinds of far infrared measurements on composites systsems

have now been coipleted and they demonstrate that particle clumping is the

source of both kinds of anomalies.

The first eperiment involves measurements on a novel composite mater-

ial--lOOA diameter Ag particles imbedded in a gelatin matrix 1 . For the

first time, the particles under study by far infrared spectroscopy can also

be examined in situ by transmission electron microscopy. Samples containing

* * * . . . ..

-" r --* :S
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either well-dispersed or agglomerated particles can be prepared. The volume

fraction of Ag can be varied over a large range. The experimental far infra-

red absorption data I ° which are consistent with the Bruggemnan model, are

shown in Fig. 3. Inspection of this figure demonstrates that the absorption

coefficient of materials with well-dispersed particles is not enhanced by

several orders of magnitude, if at all. However, we do find that samples

containing deliberately agglomerated particles are measured to be stronger

absorbers. t. -

The second experiment deals with the study of the far infrared absorp-

tion of several types of Sn particle KBr composites which have been subjected

to a temperature excursion above the Sn melting point. We find that this

simple device drastically decreases the magnitudes of the measured absorption

coefficients. The specifics depend on whether or not the particles possess

an oxide coating, however, above the gap frequency the superconducting state

absorption is no longer larger than the normal state valve. On the grounds

that heat treatment should not significantly affect the superconducting

properties of isolated particles, we are led also to identify the supercon-

ducting anomaly in earlier measurements with particle clustering.

.r-
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Infrared Surface Plasmon. Interferometry on Clean Metal Surfaces, L. M.
Hanssen, 0. M. Riffe, and A. J. Sievers, Cornell University, Ithaca, F
New York, 14853.

An interference phenomenon has been discovered on clean metal surfaces
which involves plane electromagnetic waves (PEW's) and infrared surface
plasmons (IRSP's). The interference is demonstrated with a two beam inter-
ferometer of fixed optical path and variable frequency. The identification I.
of the interference minimum gives the first direct measurement of the IRSP
index of refraction and hence the infrared plasma frequency.

IRSP's are TM (p-polarized) inhomogeneous surface waves which propagate
along a metal/vacuum interface at nearly the velocity of light. For good
metallic conductors the infrared surface wave attenuation coefficient s =

w2p/4Trc where w is the frequency, p the d.c. resistivity and c the velocity
of light. In the same limit the index of refraction of this mode is ns =
1 + /2Op where u is the infrared plasma frequency.

Because the IRSP wavevector is greater than that of light we use grat- . -

ings etched into a W(100) surface to couple CO2 laser radiation to and from
IRSP's. We find that these grating couplers not only excite the IRSP mode

but also excite plane waves at the same frequency. These PEW's are produced
in the form of a packet traveling in the forward direction and spreading
slowly in width. The IRSP travels along the surface with a phase velocity
c/ns while the phase velocity of the PEW's which travel above the surface
is c. At the output grating coupler which is a distance Z from the input
grating the IRSP and PEW packet both contribute to the output amplitude;
however,these two contributions are no longer in phase. The total intensity
of the resultant PEW's launched by the second grating is

I = Is + IPEW + 2(IsIpEw) cose

where 6 = [(ns - 1) wX/c + @] with € a constant. Complete destructive
interference occurs when e = (2m + 1) Tr and Is = IpEW. For W(100) and
a path length of 5 cm the phase is adjusted to destructive interference by
varying the CO2 laser frequency from 900 cm

- 1 to 1080 cm-1 . In order to
obtain equal intensity in the two arms of the interferometer, the sample
temperature is varied. Since p - T and Is - exp(-rsz), a modest
temperature excursion changes this component by orders of magnitude. For
W(100) the interference gives ?huw = 6.8 eV. The addition of a monolayer
of oxygen to the clean surface is observed to unbalance this optical bridge
and produce an increase in the output signal of 4%.

The infrared surface plasmon interferometer can be realized for poor
conductors as well as good ones such as W. If the surface propagation
length, £, is made long enough so that a T phase change can occur between
the two optical paths, then for any conductor the condition for sufficient
IRSP intensity at the output is simply as = 2./wT where T is the electron
relaxation time. Thus the interference can be observed as long as the infra-
red frequency is chosen such that wT >1.

( Work supported by NSF Grant No. DMR-81-06097 and by the Air Force under
Grant No. AFOSR-81-0121B. Materials Science Center Report No. 5235.
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Observation of an index-of-refraction-induced change in the Drude parameters of Ag films

H. Gugger,* M. Jurich, and J. D. Swalen
IBM Research Laboratory, San Jose, California 95193

A. J. Sievers
Laboratory of Atomic and Solid State Physics and Materials Science Center, Cornell University, Ithaca, New York 14853

(Received 29 December 1983; revised manuscript received 13 April 1984)

The method of attenuated total internal reflection has been used in the visible region to obtain
precise values of the dielectric function of Ag films in contact with different dielectric media. By
measuring, at eight visible laser wavelengths, the surface-plasmon resonance of an Ag film against ._ ,,
air and then against an organic liquid, we show that for both cases the dielectric function can be
described by the Drude model with the well-known frequency-dependent relaxation time, namely,
7'-I(w))=rj '+P&)2 . The interesting results are that r-'(liquid)> rif'(air), that 13(liquid) <f(air), and
that the plasma frequency op(liquid) > wp (air). The fact that fl changes-the sign of the change or
its magnitude-appears to eliminate all previous models which have been proposed to describe this
frequency-dependent term. The observed changes in fl and coi are consistent with the idea of a com-
plex relaxation time whose real and imaginary parts are connected in a causal way. The index-of-
refraction dependence of the Drude parameters demonstrates that surface electrodynamics must --, -
play an important role. The observed trends reported here could be accounted for if increasing the
index of the dielectric half-space would increase the attractive surface-plasmon interaction and de-
crease the magnitude of electron-electron scattering in the Ag surface.

I. INTRODUCTION manner. The possibility that the frequency-dependent
term stems from electron-electron scattering has been con-

The optical data for the noble metals at frequencies sidered in some detail by Christy and co-workers."' They
below the interband absorption edge are accurately have not been able to obtain quantitative agreement with --

characterized by the free-electron Drude model.' The real the electron-electron contribution inferred from the mea-
and imaginary parts of the metal dielectric function can sured electrical and thermal resistivities. Recently, Smith
be written as and Ehrenreich s have proposed that this frequency depen-

2 dence follows from a more precise estimate of the
op (1) electron-phonon interaction. Their numerical estimate of
2--o the T3s are in reasonable agreement with the room-

and temperature experimental values.A consistent explanation of the variations observed for
Etop -e 1  ,has not yet been found although the changes are usual-

(2) ly assigned to surface morphology. The to,'s measured

for the thin semitransparent Au films investigated by
in the limit where (or>>l. The three parameters of the Theye are about 5% larger than the values reported for
model are E, the core polarizability and interband contri- electropolished bulk samples.2 Almost the same change in
bution to the dc dielectric constant, w 2 =4rNe2 /M, the o, has been measured by Hodgson for the internal and [
plasma frequency squared, and -r- the electron scatter- external surface of an opaque Au film9 with the larger o.-
ing rate. For the noble metals, this scattering rate has the occurring for the film-substrate interface. By studying
form' surface-plasmon resonance excitation at both surfaces of

1 = rn I+/3 l 2 (3) evaporated metal films, Weber and McCarthy confirmed
the Au results and showed that a similar effect existed for

Both r-1 and to a lesser extent (op are found to vary de- Ag films.' 0° ' They found that the (I), at the substrate in-
pending on the sample preparation techniques."' The terface was consistently about 5% larger than wop at the
source of these variations remains poorly understood. air interface, independent of the growth rate of the film

Because annealing thin-film Au samples: decreases the which was varied over a factor of 100. They also pro-
size of /3, an inhomogeneous medium model composed of posed that this difference could be understood if the Ag
crystalline grains and disordered intergranular material film density near the air surface was several percent below - -
has been used with a two-carrier Drude model to account that near the substrate interface.
for the quadratic dependence of the relaxation time.' To date, both the relaxation rate and the plasma fre- __
However, it is unlikely that the nonzero /3 observed for quency of the noble metals have been treated as indepen-
single-crystal bulk samples - also can be explained in this dent quantities, although in general, if r depends on fre- - ..-
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quency, so must Wto12- 15 This interrelation between the experimental data are consistent with the dielectric in- -

frequency dependences of the two Drude model parame- duced change in both the frequency-dependent scattering
ters has been demonstrated in a detailed analysis of the rate and the electron mass. . - .

phonon-assisted absorption process. 13  The two fre-
quency-dependent Drude model parameters cop(o) and II. EXPERIMENTAL DETAILS
r(iw) are given by

2 A. Attenuated total internal reflection (ATR) apparatus

[ +to) 4 We have used surface-plasmon resonance excitation at a
number of laser wavelengths to determine the dielectric 

.,,

and function of Ag in the visible regions.' 6 The attenuated to-
tal reflection setup is shown in Fig. 1.

r(&o) =7(o)[I +.(to)] , (5) Reflectivity measurements were done with the prism
heeof () is intimately re- mounted on a computer-controlled rotating table to scan

whtereto the fr ce ndene the angle of incidence and collect the digitized data. The
lated to the Kramers-Kronig transform of [c(w)I wavelengths used were from an argon-ion laser (488.0 and

One analysis of the infrared and optical properties of 514.5 nm), from a krypton-ion laser (530.9, 568.2, 647.1
the alkali metals has been made 5 which makes use of ex- and 676.4 nm), from a helium-neon laser (632.8 nm), and
pressions similar to Eqs. (4) and (5). An intrinsic from a helium-cadmium laser (441.6 rim). To achieve
surface-plasmon-assisted abscrption process was proposed better rejection of the light with the unwanted polariza-
to account for the enhanced infrared mass. It is a tion, two Glan-Thompson prism polarizers were placed
Holstein-type process with the surface plasmons taking sequentially in front of a Fresnel rhomb.
the role of the phonons. One of the predictions of the Since the surface-plasmon resonance occurs exclusively
surface-plasmon-assisted absorption model is that both upon excitation with TM waves, the correct angle of po-
Drude parameters of the metal should depend on the upnectiowthT washeorctngefp-Dudiletric cotat of the neghborin shoubse.d onte larization was set by rotating the rhomb to a minimum re-
dielectric constant of the neighboring substrate. Conse- flection for TM light, i.e., at the angle of maximum
quently, the observed variations in the optical properties plasmon absorption. The coated prism was positioned
of the noble-metal films could be a function of the index smo absoption the coted rsm was osited 
of refraction of the dielectric substrate as well as surface such a way that the chopped laser beam always refracted

to the center portion of the film to minimize beam walk.
morphology. One purpose of this paper is to report on The reflected signal at twice the angle was detected with a
our experimental test of this possibility. -- htdoe rcio ftecopdlsrba

By using liquid dielectrics together with the surface- p-i-n photodiode. A fraction of the chopped laser beam

plasmon resonance technique, w'e have measured the was split off before the prism with a pellicle beam splitterplason esoanc tehniue, e hve easredthe to serve as the laser intensity reference. Both signals, the

change in the dielectric function of Ag films with a con- reflection and the laser reference signal, were separately

stant surface structure as a function of the interface detected and amplified; their ratio gave the final output.

dielectric constant. The previously reported change' 0 in

plasma frequency between Ag-glass and Ag-air interfaces
is reproduced in our experiments. When liquids with B. Procedure
various refractive indices are placed on the same surface BPcu
where Ag-air measurements were made, 6 is observed to The Ag films, approximately 500 ,k thick, were vacuum
decrease consistent with a decrease in the mass parameter deposited onto the base of LaSF31 Schott glass isosceles
(an increase in ca.). prisms at a rapid rate (50-100 ,A/s) to obtain a fine

The fact that / changes at all in our experiments is not grained surface. Prisms with apex angles of 53* or 57*

compatible with the usual assignment to electron-electron 7  were used so that the critical angle of the glass/air inter-
or electron-phonong processes. In addition, mechanisms face could be observed.
which rely on metal grains,4 surface roughness, a reduced
film density near the air interface,"! or surface-plasmon- o . .. ,
assisted absorption15 cannot account for the observed in- "o, .
crease in (o. However, the dielectric constant dependence cw t .

of the experimental results demonstrates that the Drude P,- - [,., .
model parameters are controlled by a surface process in . ......
which electrodynamics plays an important role. The sign - 1 I
of the effect is consistent with the dielectric reducing the ,..
first moment of the induced surface charge and hence
reducing the size of the electron-hole excitation term, or FIG. I. Schematic diagram of experimental apparatus. A
with a dielectric enhanced surf.ice-plasmon interaction Teflon cup contailning air or liquid was pressed with a split o-
reducing the magnitude of the surface electron-electron ring onto the siler film on the base of a high-refractine-ndc,"
scattering term. prism Ioo "l..a. ihornpson prism polarizers were used to im-

In the next section, the attenuated total internal reflcc- prose rt'jecti t .. of the other polarization. Rot.ition of
tion apparatus and experimental metisuremeiits are the l:resil rhor, "d coniersion betwecn s and p polariza-
described. The Ag-air and Ag-liqud interface results are tions Ilie rotati, 1'; included an arm at 2,3 to track the re-
presented in Sec. Ill. We demonstrate in Sec IV that the flecIed h',aM

!.~



30 OBSERVATION OF 'kN INDEX-OF-REFRACTION-INDUCED... 4191

I
We measured the angles of each prism by differences in wavelengths under investigation, as well as the thickness r,.

the angles of back reflection. Then we determined the re- of the film. This measurement was to identify any differ- . "
fracti,6e index of the prisms by comparing the results ences in the dielectric function of Ag that might arise.-
from different methods. from surface morphology. Then, carbon tetrachloride

(n - 1.46) or hexane (n - 1.37) were placed next to the
(1) The glass-melt information sheet" for our Schott Ag and the dielectric constants at the Ag-liquid interfaceglass LaSF31) prisms gave the refractive index at selected were determined. In Fig. 2, the angular location of the

wavelengths and constants for a power-series expansion of critical angle is shown for a typical ATR curve at a
the dispersion curve. These data were then used to calcu- silver-hexane interface, with the critical angle being essen-
late the refractive indices at our laser wavelengths. tially that for hexane-glass.

(2) From a measurement of a critical angle 0, the re-
fractive index can be calculated from Snell's law. III. RESULTS

(3) From the minimum angle of deviation measured for
the prism and knowing the prism angle, the refractive in- The values of the complex dielectric function of Ag

were calculated by a least-squares fit of the exact Fresnel
reflection formulas to the experimental ATR curves. The

Since all three values agreed within experimental error at rix procedure outlined by Heavens was used to cal-

all wavelengths, we decided to use the easily calculated culate the reflectivity for a layered structure. From the
values from the Schott data. experimental reflectivity curves for the Ag-air interface,

The prism angle was checked at each wavelength by the we determined E, and e2 for each wavelength and the

critical angle for the glass-air interface. Standard devia- thickness of the film. When the liquid was introduced, we

tions for these determinations using eight wavelengths again used a least-squares-fitting procedure to obtain e,
were typically -_0.005'. From the prism index and prism and e, but now the thickness of the Ag film was set equal

angle, the index of refraction of the liquid n could then be to the average value determined for the Ag-air-interface

calculated from the experimentally observed change in measurement. The measured values for the films are list-ed in Table I. K..
critical angle 0, when a liquid replaces air without any iniTale cu

further experiments. Since n is a function of, e.g., wave- nii
length, purity, and temperature, this procedure directly antly from the experimental ones. Searching for
gave the index for our experimental con:ditions. sources of this deviation, it was determined that at leastThe first measurement for every freshly coated silver four factors contribute: (1) reflection losses at each face

film was an ATR experiment at the silver-air interface to of the prism, (2) absorption from transmission through

determine the dielectric constants of bare silver at all the prism, especially at short wavelengths, 3) movementof the beam from one section to another section of the

film with slightly different optical properties as the prism
' ' I ,is rotated, and (4) dart. current of the measurement sys-

1.0----------------------------------------------------- -tem. In order to correct for these deviations, we collected
. . . . .both TE and TM ATR data from which we subtracted

- - - --- - - -

0.8

06 -10-

04 Ir

Ib)Ca' -14-

02 (d)
(e)

Oe) - - II 'p C -18-

00 1
64 60 56 5? 48 44

In!,mal A ile 0 ( ,s q)-

FI(, 2. Tpicad re.ect, it curve as a function angle. For i
thi' s ;pte, hexane , adjacent to Ag. 0,p is the rcflcctiity -22
minn',!:n at t ie 'i,ae -plas on angle and , is ihe critical an- 0..2.0..0.
gle tir o{r iq.,,0 and the prisni. Curves: (a) experimental Wavelength Squared (.am2)

cur.c: h prism iborption loss; (cl prism reflection foss fromr FIG. 3. Measured real part of the dielectric func:is,n f sils r
t')th faces: Id experimental curve corrected for ahsorption. re- versus wavelength squared for both air A and CC!. A half-.
flectioos. and baickground; (e) calculaied "best fit" of the Fresnel spaces and air o and hexane 0 half-spaces. The lines are aver-
equations, age alues and given to clearly show the trends.
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TABLE 1. Experimentally determined dielectric function of Ag and related optical parameters.
(Straight line shown in Fig. 4 without the point of 4416 A because it is more than three standard devia-
tions from the line.)

Liquid Air
.(A) E2 (101 4 S- 1) el r, (I104 s-')

CC14 d=58.4±0.4 nm
4416 -6.471 0.4191 1.634 -6.323 0.4755 1.953
4880 -9.087 0.5139 1.463 -8.772 0.5243 1.577
5145 - 10.528 0.6239 1.523 - 10.265 0.6074 1.552
5309 -11.486 0.6547 1.456 -11.150 0.6387 1.490
5682 - 13.834 0.7855 1.423 - 13.374 0.7003 1.332

6328 - 17.940 1.0091 1.340 - 17.452 0.9599 1.329

6571 -19.334 1.0537 1.289 -18.582 0.9473 1.218
6764 -21.448 1.2074 1.298 -20.487 1.0270 1.165

Hexane d=37.4±0.1 nm
4416 -6.6037 0.4464 1.761 -6.567 0.3549 1.416
4880 -9.122 0.4739 1.3721 -8.749 0.4098 1.229

5145 -10.606 0.5452 1.347 - 10.230 0.4524 1.154
5309 -11.609 0.5752 1.290 -11.155 0.4785 1.111
5682 - 13.922 0.6808 1.245 - 13.385 0.5570 1.055

6328 -18.129 0.9657 1.287 -17.772 0.7140 0.971
6471 -19.133 0.9513 1.187 -18.701 0.7492 0.956
6764 -21.409 1.0408 1.132 -20.650 0.8073 0.908

the dark current from each. In the prism, absorption The inverse relaxation time from the experimental .. -

losses were very small because of the relatively long wave- values for el and E at each frequency is obtained from
length and good transmission quality of the high-index WEI
glass. Hence we used the measured TE data to calculate a - e - "(6)
correction curve for absorption losses after correcting for -e.

its reflection losses. These absorption corrections includ- Figures 4(a) and 4(b) show a plot of r- versus (0 for Ag
ing those for TM reflection losses were then applied to the in contact with C 4 and hexane, respectively. To a good'

TM curves. The various reflectivity and correction curves approximation, these data can be fitted by Eq. (3). The
are shown in Fig. 2. Note the close agreement between values of r6i and f obtained from a least-squares fit to -

the corrected experimental curve and the calculated curve, these data are given in Table II.
indicating the precision with which the values of the
dielectric function given in Table I describe the experi- IV. DISCUSSION
mental measurements.

In Fig. 3 we plot our experimental values for the real The experimental results clearly show that the effective
part of the dielectric function of silver versus wavelength dielectric function of the metal is changed when liquid re-
squared for both the air-silver and liquid-silver cases. places air. Could these results be explained by surface
Two different liquids have been studied, CC14 and hexane. roughness on the Ag film? A metal-insulator composite
The values for W;, and e were obtained from a least- layer is often used to model the optical properties of a
squares fit to an ej-versus-X." line for both the Ag-air and roughened surface.'- 20  According to the Maxwell-
Ag-liquid data. These derived experimental numbers are Garnett theory, a Lorenz-Lorentz type of dispersion will
recorded in Table I1. occur in such a layer. We find that replacing a 100-A-

TABLE 11. Experimentally determined Ag Drude model parameters.

Film no. I Film no. 2
Air CCI4  Air Hexane

4.07±0.08 4.47±0.11 4.14+0.08 4.22±0.06

w., (eV) 9.10±0.02 9.33±0.03 9.14±0.02 9.2710.02
r6 (10' s- 1) 6.4 ±0.9 10.5 ±0.5 5.5 ±0.5 9.61 ±0.32

fl, [10" s-'(eV)-2 ] 16.1 ±1 7 ±2 11 ±1 6 ±1
o (l0-1) 9.8 ± 3 4.5 ± 1.4 7.5 :t2.4 4.5 ± 1.4
a-' (eV) 9 ±4 9 ±4 11 ±4 11 ±4
W, (eV) 9.5 ±0.1 9.5 ±0. 1 9.5 ±0. 1 9.5 ±0. 1

-~: !
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20 In Table II it is seen that the frequency-independent ,.-

contribution (7- 1 ) to the relaxation time increases by
vs about a factor of 2 when air is replaced by a liquid. The

mechanical modulation of the metal surface by the
16 - - thermal fluctuations in the liquid could account for this

, ...... observation; hence in Eq. (7) an increase in ra7' is to be ex-
A - A pected. Since r- 1 is already larger than the optical prob-

14 A ing frequency, the thermal fluctuations in the liquid

should not have much effect on the grain-boundary relax-
1.2 Ai" ation times, certainly nothing like the factor of 2 observed

for /3 of Table II. On these grounds, the two-carrier
1 model can be eliminated as the source of the frequency- iF

dependent relaxation time.
1.8 The change in /3 observed for the air-liquid substitution

is not compatible with relaxation mechanisms which rely

1.4 - solely on bulk processes. Identification with the usual
1 . ec 0 nel.ectron or electron-phonon scattering now seems0 1.2 -.. 0 " unlikely.

- We now demonstrate that the measured change in the
o optical constants are consistent with a dielectric induced

1.0 - - change both in the electron frequency-dependent scatter-

- 4 ing rate and in the optical mass. If we define the complex
3 5 6 7

Frequency squired (eV
2  frequency-dependent electron scattering rate as

FIG. 4. Relaxation time calculated from the measured values ?-I= = r,+ir2 , (8) -
of dielectric function of silver with Eq. 16), as a function of ener-
gy squared: a) air A, CCI4 A, and (b) air 0, hexane 0. and for later convenience set F,= -w., then the Drude

expressions become

thick composite Ag-air layer on a silver film with a Ag- 1 2
liquid composite layer of the same thickness causes the E -E(a)=- I +;) H1+.) 2 +1 (9)
predicted ATR minimum at the Ag-liquid interface to Ft 1t'"
shift to increasing internal angles corresponding to a less and
negative real part of the dielectric function. (Our mea-
sured shift is always to decreasing intern-al angles with (+.)2+I(
respect to the predicted AT'k minimum at the Ag-liquid 2() (10)

interface from the Ag-air data.) Hence, although it is( possible to account for the air-Ag results by adjusting the The experimental relaxation frequency is
parameters in the Maxwell-Garnett model, once these pa- C'6((')
rameters are fixed, the model cannot account for the rl- =  =F 1 (l+k)-  (11)
liquid-Ag data. Inspection of the data in Fig. 3 and Table fE -(CW)
I shows that for both films a composite medium layer and the experimental plasma frequency squared is
would be expected to produce the opposite effect on the
real part of the dielectric function to what is observed ex- 2 [ - =co 1 . (12) -
perimentally. In addition, Maxwell-Garnett theory im- 'lp._ W _.f-(w)) 1

plies that the largest influence should be at short wave- The quadratic frequency dependence observed for the
lengths close the sphere resonance condition, but experi- electron scattering rate in noble metals can be modeled if
mentally the largest percentage change in c, is observed in electon tnhavrte in ble ma e modl f
the long-wavelength region. F is taken to have the following approximate causal form:

Another possibility is the two-carrier model for crystal- r I= d + oW0( I +(wart (13)
lites (a) and grain boundaries (b) proposed by Nagel and
Schnatterly. 4  For the limit 07, > 1, (or7 <<I1, and and -
(2N 5 ,/Na) (0b <<1, they find an effective relaxation =,.o(l+ o02 ) .I

time which is frequency dependent, namely, .-l.U)1
Thenr - +7Xbc, . ... ?f±/c (5

N. r I I'd +a6W' (15) r

In this expression, r, is due to scattering from plonons in where
crystallites while b is very much smaller and is presum- /3=aX.. (16)
ably controlled by the thickncss -f the grain boundaries.
Nb/,Vo is the ratio of the aver,gr -.ain size to the average In the limit that X << 1, Eq. (1) shows that F is a gc:.'
crystallite size. approximation to ,- . For the limit ao << I t.-

. ._. . , .. .- z-:.z J ..." '--- --.- - - --_ •.. . .. .
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sume in the analysis of the data below k-.;,o and 3--q,8, where IRe d,(0) 1 is the center of gravity of the induced
so both parameters are frequency independent and the real charge which is measured with respect to the edge of the
part of the relaxation rate contains a pure quadratic term. positive metal background. Although the magnitude of

The second assumption which we introduce is that a is this relaxation term is estimated from Ref. 24 to be less
independent of the presence of the dielectric half-space. than 4% of the strength needed to explain the data in
This assumption is reasonable since even if a-' is related Table II, it does have the correct frequency dependence.
to the electrostatic surface-plasmon mode frequency in Moreover, because of the Pauli exclusion principle, the
Ag, this mode is pinned at a fixed frequency, by the quantity 'Red, (0) for a liquid-metal interface should
high-frequency interband transitions, independent of the be smaller than IRed, i0) for an air-metal interface. It
dielectric index of refraction. is not clear to us, though, how this parameter could

The subscripts I and a are used to distinguish between change by the measured factor of 2 observed for ,3 (see
the measured Ag-liquid and Ag-air interface results. Table II).
From Eq. (16) The large change in 13 required for the electron-hole ex-

.o .o citation mechanism leads us to speculate on another possi-
(17) bility which again makes use of surface plasmons but now

3 o kto in an indirect role. The fact that the optical properties of

and from Eq. (12) the alkali metals and noble metals seem to change in op-
2 posite ways when the index of refraction of the half-space
p0.. a_ 1 + (18( changes may be simply an indication of the size of the

electron-electron scattering term within the skin depth ofeach metal type. Inkson 5 has pointed out that although

These two experimental numbers enable us to determine the surface-plasmon interaction itself is attractive helow
both ),ao and klX which are presented in Table 11 for both the electrostatic mode limit, the decrease in the bulk-
films. The measured value for /3,,o is then used to esti- plasmon exchange interaction near the surface causes the
mate a '. This parameter value which is consistent with total interaction for quasiparticles to be more repulsive
the ja << I assumption is remaikably close to the value of than in the bulk.
the Ag plasma frequency. If, below the electrostatic mode frequency, electron-

A consistent set of parameters XA0 , t), and t
- is electron scattering dominates the surface-plasmon-

found which describes the frequency-dependent relaxation mediated scattering within a skin depth for the noble met-
time represented by Eqs. (13) and (14). The good agree- als while the converse is true for the alkali metals, then a
ment between experiment and this phenomenological consistent picture emerges. Increasing the index of the
model over the visible region demonstrates that the dielectric half-space would increase the strength of the at-
change in the optical properties is due to a dielectric in- tractive surface-plasmon interaction for both metal types
duced change in the electron relaxation time. Somewhat and decrease the magnitude of the electron-electron
surprising is the sign of the change. scattering term within a skin depth, but t'is decrease

For the alkali metals it has been shown that a surface- would only be apparent in the optical properties of the no-
plasmon-assisted photon absorption mechanism'5 which ble metals.
leads to an initial ao4 dependence of the Drude scattering Although it has been known for many years that the
rate is consistent with the experimental data if the magni- Drude parameters of noble-metal films depend on surface
tude of the mechanism is used as a free parameter. It was morphology and many relaxation processes have been in-
also shown that increasing the index of refraction of the yoked to explain the quadratic frequency dependence of
neighboring dielectric half-space increases the strength of the electron relaxation frequency, it was not generally
this term, increases X, and hence decreases (, . The fact recognized that surface electrodynamics could play an im-
that the optical properties of the noble metals change in portant role at such low frequencies. Our systematic
the opposite way when the index of refraction is increased study, of an index-of-refraction induced change in the
is a clear indication that this mechanism cannot be the Drude parameters of Ag films demonstrates that this is
dominant factor here. the case. More experiments need to be carried out to iden-

It has been known for some time that when a metal sur- tify the physical process, but the general conclusion is
face is probed with TM polarizci iadiation, electron-hole now clear: The dielectric function required to describe the
(e-h) pair excitation should cc,:trb'-te to the optical ab- ir and optical properties of a noble-metal mirror depends
sorption. - Recently, LjungLr.,'t and Apell2 4 have pro- on the dIelcctric constant of the adjoining nieditim. ."
posed that this effect can be described in terms of a single
parameter. the first moment of the induced surface charge
of the metal. From their calculation of the relative contri- ACK>-OWLEDGMENT
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The absorption coefficient for small metal particles randomly distributed in a uniaxial dielectric .%4
host is calculated using the Maxwell-Garnett effective-medium theory. Explicit expressions for the
absorption coefficient are given for the limit of low metallic volume fraction. Incorporation of
dielectric anisotropy into the theory provides improved agreement with published data on colloidal
Na in NaN,.

I. INTRODUCTION uniaxial effective medium and presents explicit results forthe low-f limit. Finally, Sec. V applies the theory to col-

A comparison of the frequency for maximum absorp- loidal Na in NaN 3 and compares the results with the ex-
tion w,, and line shape of the sphere resonance as predict- perimental data of Smithard.5

ed by the classical Mie theory' with data on small metal
particles supported in dielectric hosts reveals systematic
discrepancies. For example, there is a red shift of the II. ELECTROMAGNETIC WAVES I
measured value of wo0 with respect to Mie theory for IN A UNIAXIAL DIELECTRIC
alkali-metal particles in colored alkali halides."

The dependence of (j, on the dielectric constant of the
host might provide e idcnce to support or refute at least Landau and Lifshitz and Born and Wolf,6'7 among oth-
one proposed explaniation' for the red shift. Unfortunate- ers, discuss the propagation of electromagnetic waves in a
ly, it is very difficult to produce particles with the same uniaxial nonabsorbing dielectric crystal. The symmetric L
properties (size, distribution, shape. etc.) reproducibly in a dielectric tensor can be diagonalized to yield the eigen-
number of hosts, or cen to determine the properties of values E, ey, and c, along the principal axes. Let the z
the particles in a gisen sample. axis be the axis of symmetry for the uniaxial crystal.

An anisotropic dielectric in effect has more than one Then e-=-eye 1 and E,-j. If Eci>cE the crystal is
dielectric constant. A sanple of spherical metal particles called "positive." For plane waves Maxwell's equations
embedded in an anisotropic dielectinc can be probed by require that the triplets D, H, and the wave vector k and
electromagnetic %asc s of ' chosen polarization and E, H, and the Poynting vector S be mutually perpendicu-
direction of propagation to accurately measure the depen- lar. Therefore, E, D, k, and S are coplanar. S specifies
dence of c, on the dielectric constant of the host. the direction of energy propagation, which determines

The purpose of this paper is to discuss the absorption where the light actually goes. For a direction denoted by
coefficient of a collection of small spherical metal parti- either k or S, two linearly polarized waves propagate in
cles randomly embedded in a uniaxial dielectric host using the crystal. The "ordinary" wave behaves just like a wave
the Maxwell-Garnett4 effectisc-nicdiun theory. Explicit in an isotropic medium (k!IS, etc.). For the "extraordi-
expressions for the absorption coefficient are gisen for the nary" wave, S is not parallel to k except for special direc-
limit of small metal volume fraction f, for which the Mie tions. For example, both waves are ordinary for propaga-
theory applies. The specialization to the untaxial case re- tion parallel to the axis of symmetry. This degeneracy
tains the important physics. simplifies the mathematics, permits elliptically polarized waves as solutions.
and applies to the example, colloidal Na in sodium azide A beam of light incident on a uniaxial crystal under-
(NaN), chosen to illustrate the effect. For Na iii NaN1 goes double refraction-there are two refracted beams.
the relative splitting predicted by the theorN is less than The Poynting vector of the extraordinary refracted wave
I% of vie. need not lie in the plane of incidence.

This paper is organized as followvs: Section 11 briell\ Borii and WVolf discuss propagation of light" in an ab-
ceicss the phsics of elect roniagnetic oascs propigating sorbing uniaxial crystal in the limit of weak absorption,
in a transparetit anisotropic dielectric. Section III denr es since the general problem is mathematically tedious. The
the Max\vell-Garnett effcctise die',ctric function for dielectric tensor is now complex, but otherwise the deriva- r
small metal spheres emnbedded in a uniaxial dielectric tion resembles that for the transparent dielectric. The
host. Section IV dcrie s the absorption coefficient for solutions are elliptically polarized and D is not perpendic-
both ordinary and extraordinary wases propagating in this ular to k.

31 2427 6,1985 The American Physical Society

.. . . . . .. . . . . . . . . . .



- - - -. ---. . r .

2428 R. P. DEVATY AND A. J. SIEVERS 24 31

III. THE EFFECTIVE DIELECTRIC FUNCTION Maxwell's equations and the constitutive relation yields r "

Consider the propagation of electromagnetic waves of (ff 2 _2 )-)[f+
2g(Ik)T 2+kn - j_]= , (8)

wavelength k in a medium of small spherical metal parti- .-

cles of radius a and complex dielectric function where F,=E2=C,+ie-. The roots of Eq. (8) are
E=E'+ie" distributed randomly in a transparent uniaxial oF,
dielectric host characterized by the diagonal elements (9)
Ex=E) E: and c:=cEj in the principal coordinate system. .,
In the quasistatic limit, X. >>a, the response of the medi- e =
um can be described by an effective dielectric tensor I)1 -k +C,; " "

40(o). Let E, be the component of E parallel to the ith
principal axis of the host. The Maxwell-Garnett 4 effec- for the ordinary and extraordinary waves, respectively.
tive dielectric function follows from a volume average of Let 0 be the angle between k and the z axis. For the ex-
the electric field and electric displacement %ectors, given traordinary wave,

by Z (1' 2,+ - 2 )cos20 + 1 (r, 2 +E ,2 )sin20
E, E I- E(E i~cos-O + g sin-0)- +l (Z7'icos-'O + i7 tsin'0)"' ' ' '

(1) (10)
Di 4gifE, =fgEi"i+(I -f)EjE' , 2 ( +' '2+ )cos20+ '+'2 

E,12)sin '0

where E"' and E' are the ith components of the electric ( s Eos-0 m0si +(Zr 20cos2 0+ - sin0)"
fields inside and external to the metal particle, respective-
ly, and f is the volume fraction of metal in the medium. IV. THE ABSORPTION COEFFICIENT
Also required is the electrostatic boundary condition" The problem has been reduced to a calculation of the

absorption coefficient of a homogeneous absorbing aniso-
, -Le E,) (2) tropic medium. For the ordinary wave,ej - L, i l- g

The depolarization factor is' a.= (2 ! 2 ,')i2 .(1)
C

2(e a 1 (3)
fw12~ -

where a.= (12)c [--le-c')]2+L e2 c"

R =(s +a 2/ 1 , )2(s +a 2 /) .(4) For Drude-metal particles with bulk plasma frequency c, - .

The integrals can be evaluated." According to Landau and high-frequency dielectric constant c., the frequency .-

and Lifshitz, of the sphere resonance is approximately

-__ _ I e " l+1[c.+ (L L (13)

2eL l e -2e1, Eli <E The ordinary wave lives up to its name. For the extraor-
I-c dinary wave,3II i e (e - tan _ e), cj1> f-,, W..

e ae = (2 4 2e )i/2 , (14)

C

L 1 =(l-L)/2 which is a complicated expression when written explicitly.
where In the %ie limit (f << I ),

e= I(il/E)-l (6) ae =
c [eicos- sin2'O]3 2

The field-matching condition in Eq. (2) is identical to that
for an ellipsoidal particle in an isotropic dielcctric,'( for X cos2(0
which the depolarization factors are determined by the e l-C')12 L " 2
shape of the ellipsoid. The Maxwell-Garnett effective ,1 .-"
dielectric tensor in the principal coordinate system, ob- sin . (15
tained by combining Eqs. (I) and (2), is + L _ E,(12tLT,, (15)"

,[c, -- L,(E, -)]-f(l -L,)(, -e)l
_____=--"______7)__This result can also be obt.,ned by following Born and

e, -L,(e, -c -)- fL,c, -) Wolf's ' procedure for the iimit of weak absorption. For
Drude-metal particles, unless 0=0 or -/2. there are two

The complex effective dielectric function retains uniaxial resonance frequencies. [Equation 113)] and
symmnetry, so that 4 , =4 =C, and C = -" 1/(6

For a plane wave of wave vector k (direction k) propa- I =1) p/[C- +(L 1 - I) 112  (16)
gating in the effective medium, manipulation of The relative strength of the resonances depends on 0. If
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=e~1, Eq. (15) reduces correctly to the familiar Mie ex- Na particles is at 5147 A in substantially better agreement
pression for particles in an isotropic medium. with experiment. The remaining red shift of the mea-

sured peak is about the same size as found by Smithard

V. DISCUSSION and Tran' 2 for Na particles in isotropic NaCI. Several
mechanisms3.15- 1

9 have been proposed to explain the in-
To measure the dependence of o0 on the dielectric con- creasing red shift with decreasing particle size for very

stant of the host using small metal particles in a uniaxial small particles.
dielectric, the ideal orientation of the sample is with the A disadvantage with the Na in NaN, system is that the
axis of symmetry in the plane of the surface. Then a particles have not yet been examined under an electron
linearly polarized wave at normal incidence could be cou- microscope to determine sizes and shapes. If the particles
pled completely into the ordinary (coo=w.) or extraordi- are oriented ellipsoids of revolution, rather than spheres,
nary (coo=(w ) wave in turn by rotating the plane of polar- there are two resonance frequencies, K
ization. Since the composite medium absorbs radiation,
the solutions are elliptically polarized, but the polarization (O =oPIJ/[ +(L - ' - E)eo]"2 , (17)
is nearly linear in the limit of weak absorption. where the subscript i =11,1 identifies the principal axes.

An example of the system under consideration for The depolarization factors Lj are given by Eqs. (5) and (6)
which the sphere plasma resonance has been studied ex- with c:i/e replaced by (d1/d,)

2, where dil and d, are
perimentally5 is colloidal Na in colored NaN,. NaN, is a the axes of the ellipsoid parallel and perpendicular to the
rhombohedral crystal with n, = v = 1.38 and direction of uniaxial symmetry. The absorption spectrum - -

n,= VT = 1. 52. " Smithard and Tran 12 performed a fit for oriented ellipsoidal particles with only a 1% difference
of the Drude model to the data of Smith'3 for e' of Na to between the lengths of the two axes would show a split-
obtain wo,, =5.54 eV, and E= 1.25. For these values, ting comparable in magnitude to the prediction for Na in
Eqs. (5), (6), (13), and (16) give e=0.462, L, =0.320, Ng in magite to0the dici f o i

L. 0.39, 1w 2.4 e (548 nd 1w 2.3eV NaN3, for which v'7 7
1_c = 1. 10. The difference is due toL, =0.359, hoa,=2.41 eV (5148 .A), and ht0:,=2.39 eV the replacement of e and c, in Eqs. (13) and (16) by co in

(5185 A). The splitting is less than 1% of the resonance Eq. (17). Such a small ellipticity would be difficult to
frequency, but such an effect should be measurable in the measure by electron microscopy.
visible. In conclusion, this paper generalized the Maxwell-

Smithard 5 studied samples of Na in NaN 3 with the axis Garnett effective-medium theory to include the case of
of symmetry perpendicular to the surface, since NaN ;  small spherical metal particles embedded in a uniaxial
grows in thin plates and cleaves with the largest face in dielectric. Explicit expressions for the absorption coeffi-
this orientation. The wavelength for maximum absorp- cient obtained for low volume fractions of metal provide
tion depends on the annealing time, which is thought to improved agreement with published experimental results
be related to the mean particle size. The minimum mea-sure waelenth or te pak ws aout 200. , on Na in NaN 3. This type of system could be used to .'

s study the effect of the dielectric constant of the host on
Smithard ignored the anisotropy of NaN3 in his model, the optical properties of the particles, but the samples
For Drude Na with the parameters given above and a re- must be well characterized and controlled with respect to
laxation time corrected for boundary scattering 14 by the morphology to avoid competing effects due to ellipticity

conduction electrons r=(7,- + VF/a )- with bulk relaxa- of the particles. ae
tion rB=3.36X 10- 14 s, Fermi velocity t'F=l.03xl0 s

cm/s, and particle radius a = 15 A in an isotropic dielec- ACKNOWLEDGMENTS
tric with constant e0 = 1.904, Eq. (12) predicts a resonance This work was supported by the National Science
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Effect of Melting of the Metallic Component on the Anomalous Far-Infrared Absorption
of Superconducting Sn Particle Composites

W. A. Curtin, R. C. Spitzer, N. W. Ashcroft, and A. J. Sievers

Liboratori o/At omic and Sohd State Physics and Materials Science Center. Cornell Un.mversav, Ithaca, New York 14853
(Received 20 September 1984)

%By means of a simple experimental heat-treatment procedure, the anomalous far-infrared absorp-
tion of superconducting Sn particle composites is shown to be associated with clustering. The struc-
tural insights thus obtained lead to a new theory in which the composite electric dipole absorption is
dominated by poorly conducting clusters and is much larger than that of isolated metal particles. K
For superconducting particles, the theory predicts the absorption at frequencies above the gap fre-
quency to be larger than in the normal state, in agreement with experiment.

PACS numbers: 74.30.Gn, 7
8.30.-j, 78.65.Ez

Recent experiments by Carr, Garland, and Tannert mechanism.
on granular superconducting samples of small Sn parti- The Sn particles used in this study are produced by a
ties embedded in an insulating alkali halide host have method of inert-gas evaporation. 5 Sn metal is evap-
shown that not only is the absorption anomalously orated from a molybdenum boat in either a 201 . oxy-
large in comparison to the predictions of classical gen: 80% argon or a 100% argon atmosphere at a pres-
theories, 2' 3 but at frequencies higher than the super- sure of 0.7 Torr. The particles prepared in the pres-
conducting gap frequency wg the composites are actu- ence of the oxygen have a thin oxide coating which
ally more absorbing in the superconducting state than prevents them from cold welding together during the
in the normal state. Though carried out on a different evaporation process. These samples are chosen to be
class of system, the experimental work of Devaty and similar to those studied by Carr, Garland, and Tanner.
Sievers suggests that in the normal state this large ab- Particles made in a pure argon atmosphere are as-
sorptton is a multiparticle effect.t The superconduct- sumed to have no oxide coating. A scanning transmis-
ing behavior is surprising since bulk Sn has smaller sion electron microscope is used to measure the parti-
electromagnetic absorption in the superconducting cle sizes: The oxide-coated and oxide-free particles ""
state, discussed here have mean radii of 50 A (including the

In this paper we (i) report far-infrared absorption oxide coating oft < 20 A) and 250 A, respectively.
measurements for composite samples comprised of ei- Our samples are pressed pellets' of Sn particles embed-
ther oxide-coated or oxide-free Sn particles in KBr at ded in a KBr host. The metal volume fill fraction is
low temperatures, and (it) present a new theory that 0.02. Because of continuous radiation damage to the
accounts for the absorption in these systems. With alkali halide as well as sample thinning problems, nei-
respect to the measurements, we have found that both ther we nor others before us have been able to make
types of system show greater absorption in the super- direct TEM studies of the sample morphology.
conducting state than in the normal state at frequen- Several of the composite samples were subjected to
cies higher than w,,,. Ilowever, as we shall see below, the heat treatment process mentioned above. This
after heat treatment, a process presumed to change the consists of heating the finished pellets for 15 min at a
local particle topology, the absorption in the supercon- temperature of 250 0C. which exceeds the bulk Sn melt-
ducting state is found never to exceed that of the nor- ing point of 232 °C but is still well below the melting -
real state. The structural implications of these results point of KBr. Either air or hydrogen atmosphere is
suggest a new theoretical description of such systems. used in heat treating of the oxide-free samples. Ily-
In particular, the unheated-sample results may now be drogen is used to inhibit the formation of an .oxide
understood bK the assumption that the absorption is coating. Identical absorption coefficients are obtained
attrtbutable to clusters of metal particles with effective for these different atmospheres. An air atmosphere is
dielectric properties which depend on the local particle used exclusively in heat treating of the oxide samples.
topology. One particular cluster topology (the cluster The Sn particles from the heat-treated samples were
percolation model) is most likely to be appropriate for later examined with a TEM after removal of the alkali
the unheated composites. It is characterized by poorly halide host with water. The micrographs show
:onducting clusters (as compared to that of the metal numerous large Sn single crystals with mean radii of'
particle constituents) and leads to large electric dipole 500 and 800 A embedded in relatively large structure-
(ED) absorption because of the dependence of the ab- less 2000-3000 A Sn clusters for the heated oxide and
sorption on the inverse of the cluster conductivity in oxide-free samples, respectively.
the ED mechanism. The superconducting anomaly Transmission spectra were measured from 4 to 30
then arises quite naturally for the El) absorption cm with a lamellar grating interferometer and a cry-
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ostat with a 3He-cooled germanium bolometer.4 The wir = 9.3 cm-, as also reported by Carr, Garland. and
infrared absorption coefficient is then calculated from Tanner. At frequencies below wg. Ax for the oxide-
the measured transmission coefficient T(w ) by coated samples is small and its sign varies from sample

a(w) = (1/t)lnT() + 0. to sample. But, for the oxide-free samples Aa is de-
finitely positive. After heat treatment, the oxide-where t is the thickness of the sample and ao is chosen coated samples give .a - 0 over all of the frequency

so that the absorption coefficient extrapolates to 0 at range studied. In contrast, %a for the oxide-free sam-
zero frequency. pies becomes positive at all measured frequencies.

The normal-state absorption coefficient for rep- The changes in both o,, and a induced by the heat
resentative unheated and heated oxide-coated and treatment are taken as strong evidence that clustering K
oxide-free samples is shown in Fig. I. In complete is indeed responsible for the anomalous FIR absorp-
agreement with previous studies of FIR absorption by trion in these systems. Our observations of large fused
small particles in alkali-halide hosts, the magnitude of clusters present in the heat-treated samples suggest a
a,, is orders of magnitude larger than predicted by sim- general picture of the composite topology in which
pie theories. Here, both types of unheated samples compact clusters of metal particles with effective local
show nearly quadratic frequency dependence at low dielectric functions i are distributed evenly throughout
frequencies but the oxide-coated sample data becomes the host medium. We now describe the theory of one
nearly linear in frequency above 15 cm - . Upon heat such cluster topology (the cluster percolation model),
treatment, the normal-state absorption of the oxide appropriate to the unheated samples, which predicts
samples changes only slightly. However, the absorp- very large electric dipole absorption.
tion of the oxide-free samples decreases by about a In the cluster percolation model, the composite is
factor of 2 in magnitude and the frequency depen- assumed to consist of dispersed clusters, on a size ,.
dence is between linear and quadratic, scale of a few thousand angstroms, embedded in the

The superconducting-state results are also interest- alkali halide host. Each cluster is itself a sub-
ing: Distinct changes in the difference absorption composite consisting of metal particles of radius a.
.a= a,,-a s appear for both sample types upon heat voids, and impurities and/or oxides. The latter serve
treatment as shown in Fig. 2. Before heating, both to electrically isolate a fraction I - p of the metal parti-
sample types exhibit a superconducting absorption cles from their neighbors. The remaining metal parti-
which is larger than the normal-state absorption above cles in the cluster are taken to be electrically coupled

10 1.0
/ / .

I I //

U 0.5 -

E ,i EU 5 ,- 0.0
E H' 

H

/ /3\

,/ , U -0.5 ....
H

O0 -- --. 5- --- ----

10 20 30 -1.0 0 1i0 20 30

Frequency (cm - ) Frequency (cm-)
FIG. I. Normal-state absorption coefficient ti, for oxide- r(

coated (solid lines) and oxide-free (dashed lines) samples FIG. 2. Difference absorption ..O =(5,,- a, for.oxide-
before (U) and after (//) the heai-treatmcnt process. All coated (solid lines) and oxide-free (dashed lines) samples
the a. are anomalously large with respect to previous before ( U) and after (II) heat-treatment process. Note the
theoretical predictions. The uncertainties in the measured , disappearance of the ( (ui > (at) < 0 anomaly seen by
are ±5". Carr. Garland. and Tanner upon heat treatment.
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" to an extent appropriate for a finite-sized system of dielectric function is assumed describable by a Drude
metal particles of fill fraction p and complex dielectric model with an electron relaxation time r = a/v. The
e(w) embedded in a nonconducting cluster host with cluster host dielectric constant Eb has contributions
dielectric Eb. The cluster is characterized by an effec- from the coated metal particles and is taken to be a
tive dielectric function E(p.wo)=&(p,w)+ iE'(p,w). real constant. An effective E(p, w) may then be calcu-
The composite is an assembly of clusters with a range lated in principle for the model cluster by averaging
of p values. Clusters with p near I are very metallic over the many possible configurations of conducting
and have small electric dipole absorption. Clusters and nonconducting bonds at fixed p. This lengthy pro-
with p near 0 consist of isolated metal particles and cedure can, however, be avoided by employing a real-

- their absorption is again small, being similar to that of space renormalization-group (RSRG) technique 7 to
a system of small isolated particles. However, for clus- calculate E(p.w). For a finite system, the RSRG
ters with p near the threshold for percolation, Pc. the transformation, which reduces the number of bonds
electrically coupled metal particles will form tenuous along a cube edge by a factor of 2 after each transfor-
chains and the absorption of such clusters is greatly mation, is truncated after In( L/2a)/ln(2) iterations so
enhanced relative to single particles that an L x L x L cluster with fraction p of et(w)

The clusters with their associated E(p,w) are as- bonds is reduced to a single effective cluster of dielec-
surned to be uniform in size and much smaller than tric e(p, wA).
the wavelength of the incident radiation. In addition, Utilizing this approach, we find that the real part of
since the total metal fill fraction is /<< 1, the fill E(p,(O) increases slowly with increasing p, in contrast,
fraction of each "bin" of clusters, fN(p)dp. where the imaginary part increases very rapidly from values
N(p) is the fraction of clusters with conducting- much less than the real part to values much greater
element fill fraction between p and p+dp, is also than the real part, over a fairly narrow (0.1
necessarily small. Within these limits, the multicom- < p < 0.25) range of p. This transition constitutes
ponent Maxwell-Garnett 3 .6 dielectric function for a di- the remnant of the insulator-metal transition of infin- ,
lute collection of spherical inclusions is then applica- ite clusters and guarantees that the absorption coeffi-
ble. and leads to cient [see Eq. (2)1 will have contributions from clus-

[(p. &)Eh 1 terswithE'(p, w)=E"(p. w) << E,(w), as is necessary
Cop O) =h I + 3fdp N(p) I+ (I) for large absorption. The frequency dependence of_E(p.() + 2 a(w) is sensitive to the details of the calculation of

where , is the KBr host dielectric constant. The ab- e(p,w) but our model results should be a reasonable
representation of the actual E(p.w) and the resultant

sorption coefficient arising from electric dipole absorp- absorption coefficient. We emphasize that the general
tion is a(w)=2(w/c)ImE;oM and is approximately behavior of i(p, w) and hence a is expected for any
given by type of calculation incorporating the essential physics.

a(o) 9I3/?_fpN(p) "(p.w) The RSRG technique merely puts the transition of
C,(p,oe) 2 + ,(p.w) 2 " (p, w) from insulating to metallic behavior in a partic-c ,Wular range of p with a (size-dependent) width and fre-

(2) quency dependence.
Large absorption results if there exist clusters with The absorption coefficient versus frequency as cal-
' << f,. a condition we will show to be general- culated by Eq. (1) (with E(p, ) as appropriate for

ly satisfied. The distribution function N(p) is-not in a=50 ,A Sn particles in clusters of sizes L=64a
general explicitly known. However, we expect N(p) =3200 A] is presented in Fig. 3. The parameters
to be relatively featureless over the scale of the sub- have been chosen to correspond to the unheated
stantial variations in the dielectric function anticipated oxide-coated samples studied here with Eb = 10. The
at p : p,. By way of example, we have chosen N(p) magnitude of the absorption at low frequencies is fairly
to be a constant over 0 < p < 0.30 and zero elsewhere, large: a( 8 cm-i)=0.075 cm - i, which is within a
a choice which provides merely an overall scale factor factor of 4 of the measured value and exceeds the
for the absorption. Maxwell-Garnett single-particle estimates by about 3

To calculate the effective dielectric function f (p, w) orders of magnitude. The frequency depedence is also r
of a single cluster characterized by a chosen p. the in good agreement with the data. 8 The magnitude of -
structure is geometrically modeled as a simple cubic is fairly insensitive to the magnitude of E, (w) and
lattice spacing 2a and edge length L. Between the sites nearly proportional o / .E 1.

of the lattice are olaced dielectric bonds assigned a For the superconducting state, the composite ab-
dielectric constant of either E,((,, ) or (b with the frac- sorption coefficient may be calculated with the same
tion of p of 4E,(w )bonds corresponding to the volume procedure but with the use of the Mattis-Bardeen'
fraction of unisolated metai ;,irticles. The. metal dielectric function for the superconducting metallic

1073

7-



29
VOLtME 54. NiMlit R 10 PHYSICAL REV I EW LETTERS %I I utv l')5 

% percolation topology to a fused metallic cluster topolo-
-,-gy and x (ou) should then result from a combination of1.0F I the mechanismsjust described.'..

-In summary, heat treatment of metal-alkali-halide
[ >-/ composites greatly affects their absorption coefficients F

0 10 20 / and eliminates the Ai < 0 superconducting "anoma- "'

S/" ly." A cluster percolation model, in which the con-

0. 5 nectivity within a cluster is sensitive to the melting of
Ex. /7 " the metal component, leads to clusters some of which

4 . The-rv satisfy a resonance condition t' = t" in the absorption

with E' and E" much smaller than E". The resulting
/ . absorption coefficients are in good agreement with ex-

00periment, resolving not only the Ac < 0 anomaly of

0 10 20 50 4,1 Carr, Garland, and Tanner but also the long-standing
-requency c discrepancy of orders of magnitude difference between

r equenc j (c m theory and experiment in such systems. - ,

FIG 3 Normal-state absorption coefficient in cluster per- We wish to thank Dr. S. Solla for many helpful dis-
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component. The difference absorption An, shown in
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(taken to be at 8 cm ) and a negative peak at a IG L. Carr, I. C. Garland, and D. B. Tanner. Phys. Rev.

higher frequency followed by a decrease in Ai to tero Lett. 50. 1607 (1983).
St 2G. Mie, Ann Phys 25,377 (1908).

at w >> (,,. The calculated Ar is quite consistent \ith 31. C. Maxw'ett-Garnett. Phlios. Trans. Roy. Soc. London
experimental observations. The "anomalous" (i.e., 203. 385 (1904).
Ao < 0) absorption results directly from the form of 4R. P. Devaty and A. J. Sievers, Phys. Rev. Lett. 54, I

Eq. (2). In the superconducting state. c" is reduced (1984).
from its normal-state value and E' increased such that SC. G. Granqvist and R. A. Buhrman. J. App. Phys. 47.

the absorption is actually increased relative to that of 2200 (1976).
the normal state for co > w9. 6j. Bernasconi, Phys. Rev B 18. 2185 (1978). S. Solla, to

Upon heat treatment, we expect the metal particles be published.

in each cluster to fuse together despite the presence of 7D M Wood and N W. Ashcroft, Philos. Mag. 35, 269

the coating on some preheated particles. Fusion (1976).
represents a drastic change in the cluster topology and .SCalculations for clusters with L/2a = 16 yield an absorp-shouldesnsadratic canei the crater opol a - tion coefficient larger in magnitude but weaker in w depen-
should consideralby alter the charactcr of the absorp- dence than that for L/2a = 32.
tion coefficient. In particular, we expect the oxide- 9D. C. Matts and J. Bardeen. Phys. Rev. 111,412 (195S).
free sample clusters to become quite metallic and ex- toW. A. Curtin and N. W. Ashcroft, Phys. Rev. B 31. 32S7
hibit large magnetic dipolelike absorption upon heat (1985). Calculations of it for the oxide-free samples in the
treatment. yielding Aix > 0 above w ..° However, for unheated (cluster percolation model) and heat-treated (mag-
the oxide-coated samples, the presence of the oxide netic dipole fused cluster model) states are in good agree-

must prevent a complete transition from the cluster ment with results presented here.
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Absorptivity of CePd 3 from 5 to 400 meV 30
B. C. Webb and A. J. Sievers -,

Laboratory of Atomic and Solid State Physics and Materials Science Center Cornell University. Ithaca, New
York 14853

T. Mihalisin
Department of Physics, Temple University. Philadelphia, Pennsylvania 19122

The far infrared absorptivity of CePd, has been measured between 4.2 and 300 K over a photon -
energy range which is an order of magnitude larger than previously reported. These
measurements together with previous results map out the entire region of the low-temperature
CePd, absorptivity anomaly, which is larger and extends to larger energies than extrapolation
from earlier cavity measurements would suggest. The anomaly is too large to be compatible with
simple conduction electron scattering off a resonant level near the Fermi energy. Above 200 meV
only a weak temperature dependence is observed although a minimum in the absorptivity at 270 L
meV, attributed to anfmultiplet transition, appears to sharpen at the lowest temperatures.

Nonresonant far infrared cavity techniques ' -2 previous- without deviating the beam. The relative error in the mea-
ly have been used to identify an unusual temperature depen- sured absorptivities is estimated to be + 0.03. To fix the "
dent absorption feature centered at about 20 meV in the absolute magnitude of the absorptivity the P34 line of the 10- -.
mixed valence compound CePd, This low-temperature ,um branch of a CO, laser (115 meV) is used for a single-
anomaly appeared to be consistent with a model', which frequency measurement of the temperature and polarization
includes energy-dependent electron scattering off a resonant dependence.
level near the Fermi energy. The cavity data and the specular reflectivity data are

We have made direct measurements of the reflectivity compared at two temperatures in Fig. 1. The measurements
of CePd, between 4 and 300 K over the photon range 10-400 agree at the lower end of the frequency range but disagree at
meV, thereby extending the range of the earlier measure- the higher frequency end. Both measurements are seen to be
ments by an order of magnitude in energy. Our results indi- well above the Drude theory value. In the Drude model for a
cate that at higher energies the cavity measurements lead
one to underestimate both the width and strength of the low,
temperature absorption feature. These new data are not
compatible with a simple resonant level model. meV I.

At energies greater than about 12 meV the absorptivity 10 20 30 40
of CePd, at 4.2 K is large enough so that it can be obtained LO

from a straightforward reflectivity measurement while for 0

smaller energies nonresonant cavities have been used. In the
energy region from 12 to 40 meV the two measurement tech-
niques can be compared. Our measurements were made as
follows.

5-40 mneV." Nonresonant cavity techniques have been
used which are similar to those described earlier.' Radiation .
from a Michelson interferometer propagates down a light .5 0 t
pipe into a cryostat through a nonresonant cavity and to the , . t

detector. Different samples are sequentially attached to the 0 /
cavity wall and the far infrared transmission compared. '

12-125 meV The cavity is now replaced by a section of

light pipe which contains two right-angle bends at which --;
samples are introduced. The sample assembly can be rotated - -.-0

to substitute in place an identical arrangement with Au- 6 - --
coated reference samples. The interferometer resolution is 2
meV for energies below 50 and 6 meV at larger energies. The -

absorptivizies are reproducible to + 0.02. 0 - "
125-400 meV. Two samples are mounted in an immer- 6 0 100 200 300 400--"

sion optical access cryostat which contains ZnSe windows, 0 1 20 0 4
The entire assembly is inserted in the beam of a commercial Frequency (cm-)

Michelson interferometer which is scanned at a resolution of FIG. I. Absorptivity of CcPd, as a function of frequency for t,%o tempera.

0.4 meV. The beam is reflected off each sample at 450 and tures the absorpivity has been measured using twodifferent espertrental
methods reflectiitty (sohd curve 4 K, dashed curve 75 Ki. casity (dash-

returned to its original path by another pair of mirrors. This dash-dot 4 Kdash-dot 75 Ki. The dotted curve is from the Drude model for
allows the sample to be introduced into the optical path CePd, at 4 K with or> I and p - 12 /d.l cm.

3134 J. Appl Phys 57 (1). 15 April1985 0021-8979/85/013134.03$02 40 El 1985 American Institute of Physics 3134



meV 31

10.00 100.00 0

%
0.10 " ' 0 to'

0/ Cu

0.1 /', --. --.

CePd 3
0

0 500 1000 1500
0.01 Frequency (cm -t )

100 1000
Frequency (cm- 1) FIG. 3. Fit of the resonant scattering model to the absorptivity of CePd, at 4

K. Data: solid curve: fit: dotted curve. The fitting parameters are listed in
FIG. 2. Absorptivity of CePd, as a function of temperature over an ex- Table I.
tended frequency interval. The solid curve is for 4 K; the dashed curve. 75 II,
K; and the dotted curve, 300 K. The dash-dot curve is the Drude theory
curve for CePd, at 300 K with p = 120 ju, cm and or, ".

Sr
+ (2)

r(w) ro A - E, + iF
free electron metal the dielectric function is This functional form produces a peak in the absorptivity

near hAw = E0 . This model is described in more detail in Ref.

E(W) = 1 + ' (1) ..
I- iwro  Figure 3 shows our best fit with the fitting parameters

listed in Table I. The model fails in two ways. It is not possi-For a high-resistivity metal WTro~l in this region and the ble to fit both the sharp onset at 12 meV and also the more
dielectric function and absorptivity are dependent only on rounded maximum in the absorptivity. Also, and more im-
the conductivity o . The Drude curve shown is for a sample portantly, inspection of Table I shows that the contribution
a 4 K nmeasuredtodhave a resistivityof al 2 cm. The differ- of the resonance to the dc resistivity (,,c) increases the resis-
ences between the observed absorption and the Drude model tvt oISp2c.fraoeteosre au t4 1Drudemodel tivity to 150 , .n cm , far above the observed value at 4 K ( 12 " i -
diminish for both types of measurements as the temperature pO cm) and near the maximum resistivity for CePd, of 110
increases.

p1?l cm at 130 K. Also shown in this table are the parametersFigure 2 shows the frequency dependent absorptivity of obtained from the earlier cavity measurements over a re-
CePd, at three different temperatures. Our room tempera- stricted frequency interval. The fortuitous agreement orpd "

ture measurement is in agreement with the earlier work of has lent support to the resonant scattering model. ,
Allen.5 The absorptivity is roughly fit by the Drude model In conclusion, at the lowest frequencies measured, the
up to 100 meV with an amplitude consistent with the resis- Inso ncusioy at th e o e reecis ea theabsorptivity agrees with Drudc model predictions but at the
tivity of CePd, at 300 K, 12012 cm. As the temperature is larger far infrared frequencies the temperature-dependent
lowered the absorptivity increases, gradually developing the anomaly, which is characterized by excess absorption at 4.2
sharp absorption edge at about 12 meV. At 4 K the absorp-
tion is fairly constant between 75 and 200 meV but a sharp
notch is observed at 260 meV. Hillebrands' has attributed a
feature in this energy region at 300 K to the spin-orbit split TABLE 1. Parameters of the resonant scattering model fits.
multiplet transition 2F ,2-2F,, at 270 meV.

A phenomenological model which includes resonant F S/o4, ". ,
scattering of conduction electrons from a level near the Fer- Data E0  (meV (eV (eV) 1PR cm I
mi energy has been proposed to account for the anomolous Cavity' 6.32 1 61 00785 890

absorption at low temperatures. The resonance effect can be This work 1488 5.0 020 890 150.
modeled by replacing the electron scattering rate I/r o in the ._o
Drude model with an energy-dependent rate Ref. 4.

3135 J. Appl. Phys, Vol. 57, No 1, 15 April 1985 Webb, Sievers, and Mihalsin 3135
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K. is stronger and extends to larger energies I- 200 meV) F. E. Pinkerton, A. J. Sievers. J. W. Wilkins, M. B. Maple. and B C. Sales.

than extrapolation from earlier cavity measurements would Phys. Rev. Lett. 47, 1018 (198 1).
suggst.Theretial ixe valncemodls mst ow c- 'F. E. Pinkerton, A. J. Sievers. M. B. Maple. and B. C. Sales. Phys. Rev. B
suggst. heoeticl mxed alene mdelsmus nowac- 29. 609 119841.

count for an excess absorptivity with a sharp onset at 12 meV '17. E. Pinkerton, A. J. Sievers, J. W. Wilkins. M. B. Maple. and B. C. Sales.
*that continues up to 200 meV. in Valence Fluctuations in Solids, edited by L %1. Falicov, W. Hanke. and

The work of B. C. Webb and A. J1. Sievers has been M i al ot-oln.Asedm 91
'F. E. Pinkerton, 13. C Webb, A. J. Sievers, J. W. Wilkins. and L. J. Sham.*supported by NSF Grant No. DMIR-8 1-06097 and AFOSR Phys. Rev. B330, 3068 119841.

under Grant No. AFOSR-81-0121F. The work of T. M. Mi- 5j. W. Allen. R.i. Nemanich, and S.-J. Oh, J. AppI. l'hys 53,2145 (1982). F
halisin has been supported by NSF Grant No. DMR-82- 'B. Ifillchrands, G Guntherodt. R. Pott. W. Konig. and A. lBreitschwerdt.

19782. This is Cornell Materials Science Center Report No. SliSte mun4381(12.

5418.

7

3136 1 AppI. Phys.. Vol 57. No 1. 15 April 1985 Webb, Sievers, and Mihalisin 3136



* -. ~ ~ ..33

Bulletin
of the
American

Physical
Soit
Program of the 1985 March Meeting
in Baltimore, Maryland; 25-29 March 1985

II

VIA -

7~ -

Volume~~~k. 30 ubr3Mrh18

0 ,V!,



7 .-,s -u.-.- I. I.----.- -- -.-. ,,-.- -

34
Monday Morning

7.0-8.OXlO 4CM2 /V-sec at 77K with carrier densities of response and diagrammnatic methods have been used to
0.8-l.OxlO 12 cm-2 The temperature dependence of the mobility derive the corresponding conductivity tensor for the I -

below 77K is sensitive to growth conditions such as transient time weak scattering case. The results are investigated In
fromGa~bdetail for their sensitivity to the degree of correla-foGabgrowth to lnAs growth (or reverse) or growth tempera- tion between the scatterers in a single sheet.

ture. This suggests that the electron scattering is due not only to

residual impurities but also to roughness and/or alloying at the *Supported by the Semiconductor Research Corporation

GaAs/AlAs system may arise from the relatively large lattice
mismatch between GaSb and InAs as well as between GaSb and
the GaAs substrate. SESSION AF: EPITAXY
"Sponsored in part by ARO Contract. Monday morning, 25 Mlarch 1985

Room 301 at 9:00 I
11 36 R. Tromp, presiding
AE 14 2DEGIn In0,5 Ga5  ,7As/InP Heterostructures Grown
by A .0osoi7Fi.C6D. 0*D. ZHU, P. SUL EWSK-, . T. CHAN, 90

LLTYNE an7 A. J. SIEVERS, Cornell U.*--We have AF rwho gdeadOhr ~ FladIdi
fabricated In,. S3Gao. 7As/InP heterosltructures by layera. .j Molecular Besti Kpitaz~ J.W. COOK, JR. , K.A.
the method of metal organic chemical vapor deposition HARRIS, AliD J.F. SCHETZINA, N.C. State University--Growth
(MOOVD) at atmospheric pressure. These structures con- of HgCdTe and other Hg-based films and multilayers by M{BE
sist of a 0.7 pi thick n-type InP layer, a 3.5 1jn un- presents special problems because of the high vapor pres-
doped In5 - 5 3Ga0.,. 7As layer and a 0.3 ijn n-type InP sure and small sticking coefficient of Hg. At NCSU, weI -

cap layer sequentially grown on a semi-insulating InP have designed and constructed an MBE system specifically
substrate using (CH3) 31n and (CH ) 3Ga as In and Ga sour- for growing Hg-based materials. The system consists of a
ces. The electron mobility (cmO

2 Vs) at 300 K and 3 K is main UHY chamber with provisions for seven MIBE effusion
11,600 and 82,000 respectively, with a maximum value of sources with computer-controlled shutters, a tUHV load-

90,000 at 50 K. The temperature dependence confirms the lock for introducing and retrieving samples from the main
two dimensional electron gas (2DEG) character and the chamber, and a preparation and analysis chamber featuring
low temperature values are about 2.9 times larger than asbtaepeetsain(pt 20Casutrn
those preii usly reported.' The combined sheet density station, an in situ metallization station, and a back

infrared cyclotron resonance measurements indicate that for high temperature stability (+0.1 C at 200 C) and may

n*/m=0.044 for this 2DEG. The measured linewidth of 1 be refilled without disturbing the UHtV ambient. The
rev is in reasonable agreement with the relaxation time system has been successfully employed to grow state-of-
determined from the mobility, the-art CdTe epilayers on GaAs substrates. Results of .

initial HgCdTe film growth experiments will also be pre-
"Supported by AFOSR, NRRFSS and MSC at Cornell U. sented and discussed.
1H. P. Wei et al., Appl. Phys. Lett. 45, 666 (1984).

114 *Work supported by DARPA/ARO contract DAAG29-83-K-0102.

AE 15 Electronic Spe'cific Fleat in Gc,s/CGasis stulti- 9121
lavers. E. ORF.NI, R. LA&3NG, G. STW6,SER, Inst. of AF 2 High Resolution Electron MIicroscope
ZDp. Physics, tLhiv. of Innsbnicc, Astxria. -We report Study of Eibitaxial CdTe-GaAs intertaces*
the cbservation of the mgnetic field dependent elec- O1~TSUKA, L. A. KOLODZIEJSI, R. L. GUNSHOR,
tronic specific heat in CiaAs/CaAIAs mtilayers. Sarples and S. DATTA, Purdue U.** and R. N. BICKNELL,
w.ith 172 and 94 double layers of 200 A GaAs and 200 A and J. F. SCHETZINA, North Carolina State
GaIAs with mblities of 40 000 cml /%Is and 80 000 onl ,'Va U. ***- -CdTe films have been grown on (100)
respectiv.ely ,,vre invostic atod. GaAs substrates with two different epitaxial
The terjerature change of the 10 - 20 an thic-k samples interfaces: (Ill)CdTejj(lOO)GaAs and (100) -

was rtasuired with a evaporated Aiu-(;e film. The therral CdTeI I(l00)GaAs. High resolution electron -

isolaticrn was achieved b~y 5,aum thick superonckcting microscope observation of these two types of
wires. A Ni-Cr fiL-n of 100 A thickness was used as a interfaces was carried out in order to in- i
heater. vestigate the role of the substrate surface
Cscillations of the sarple terperatu-e in the order of microstructure in determining which type of

r7 wre cbservsed as a iunction of the r..seetic field. epitaxy occurs. The interface of the former
Btitalevel and inter Landau le'Vl' contributions type shows a direct contact between the CdTe

are obsrtved. Theoretical fits'to the data reveal and GaAs crystals, while the interface of thq
evidence tcr a Gaussian density of states with a latter cvoe has a very thin oxide layer (vlIOA
ccnstant backg4round density. For boh sianrles a back- in thickness) between 'the two crystals.
grm -nd density of 25 % was found. For the higher *Submitted by R. L. Gunshor
miLbility s~rplv a Gaussian widith of 2.0 ts V, for the **Supported by Office of Naval Research
lox.-r 7rbility -arple a width of 3.0 r ,AV %,as detenmined. Contract 014-82-K-0563 and the NSF-MIRL
I W. Zawadzki, R. Lassnig, Solid State Ceorun. 50, 537 Program under Grant DMR-83-16999.

(1*4*Suppore by NSF Grant DNMR-83-13036 and
DARPA/ARO Contract DAAG 29-83-K-0102.Ii :,

12( _____________________________ __

A L 16 Interfacial Disorder and tlectron rans ot in 924
suverlaittfc e, N. ITT and( -N. -. ASHCRO T. Corne Al: 3 : u :umHit:ixy of' !Th1...5 1nSe. L. A.

the effects of ntraildsde en K!.7D)z1v.J5,1 . K. UDU, BCZ. 3TSETT, H. L. GUNSIIC8,
Jcrntransport in a superlattice. The interfaces S. tAI-TA, R. B3. bYWNSA, W. M. B3ECKER AND N. OTGUKA,

between superl attice constituents are modeled as a per- Purd!ue 1U.11--Etpitasial single crystal thin filmns of' the
iodic array of sheets In which the scattering centers dUl .-,d magnretic semiconductor Zri...sl'ns~e have been
are disordered with no correlation between sheets. By grcw.n by molecular team elsitaxy on GaAs substrates.
choice of field direction, the scattering effects can Various Mn compositions nave teen .,rown with varying
be separated into boundary scattering and junction grcwth rates and substrate temnperatures. Nhatolumlne-
transport components. A combination of standard linear scerce (PL) spectra of MHlE filmss nhow fewer impurity-

209 I
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Tuesday Morning

SESSION 1)11: CONMPOSITES 1 9136
Tuesday morning. 26.NMarch 1985 Dil 4 Infrared and Optical Studies of Small Metal
Room 305 at 9:00 Particles, Y.H. WI.9 and D.B. TAINNER, University ot
D. Tanner, presiding Florida.-easurements of the absorption in gas-

evaporated Al and Ag particles have beencmaje over

DH I Effct~e MdiumModl o Cemet ilm wih fequencies between the far Infrared (8 cm or I meV)

Dli Efectve ~eium odelof Crmet ilmswith and the visible (35000 imn or 4.3 eV).Thpatce
isra wetl Pckin Frctios. D. E. ASPNES, Bel1 CON- had radii of order 100 A and were supported In KCI or .

m-.:zstE esearch. Inc., Murray Hill.--Recently re- parrafin host. In accord with previous studies, the
ported- optical properties of thermally evaporated Ph far-Infrared absorption was larger than theoretical -

films cannot be understood by standard effective medium estimates. The Al particles had a broad absorption
approaches, but can be described by the approximate afla- maximum at 900 cm-

1 
which could be modeled as due to a

lytic solution of a metil-rich cermet wicrostructure 10 A thick A1,0 3 surface laver. Above this frequency
cosistinq of rectangular metal blocks coated with inau- the absorption. was substantially smaller; at higher
latin.5 films. The solution becomes exact in the limit of frequencies there was structure due to an interband
vantshing insulator packing fraction and can be used to transition in Al metal. The Maxwell-Garnett resonance
derive an effective medium expression. This expression was observed in very dilute Ag composites at 24000
is shown to be equivalent to the Maxwell Garnett model cm-

1 
(3 eV).

with the insulator acting as the host phase. Since this
result ia valid even in the limit of zero insulator
paceiriq fraction, the model establishes that connectivi- 9:48
ty, not relative volume fraction, is the physical proper- D14 5 Optical Properties 3 Metal-Insulator Suspensions, V.
ty determining the identity of the host phase. The model A. DAVIS, Brandeis U. and L. SCHWARTZ, Schumberger-Bo~ili
a.so establishes that the host dielectric function, the

es-ra ized coordinate representing connectivity, is Research. -- Roth's effective medium approximation (EMA)',
equiva~ent in importance to the screening and relative a self consistent multiple Scattering Method, is used to
vn:_,e fraction parameters in determining the dielectric calculate the dielectric response of a system comprised of I
prspert-es of heterogeneous media. independent metallic grains embedded in an insulating host

material. In particular, we consider Ag spheres, described by a
*.P. Arndt et. al., AppI. Opt. 2 3571 (19841. D rude model, and a geletin host with t.- 2.37 . Our aim is to

show that, as the packing fraction of the grains is varied, a

reasonable picture of the resonance structure in edG)
DII -- ."r.Pc ~ i~ota arfcleemerges naturally from a theory of structrafll-Y disordered

rc:JThe h to ta ~composites. In this regard our calculations will be compared
n' ie a se 1f-consistlent ther with the results of the quasicrystalline approximation (QCA) 2

I, -:tc ren~eof c lusters of and a recently proposed lattice-gas model. 3

*.i. The theory is based on the
a - cluisters have fraczal dirensicn- 'L. Roth, Phys. Rev. 119, 2476 (1974); V. A. Davis and L.

_a cubic equatio n for the efffective Schwartz, Phys. Rev. (submitted).
.f ct c ict~on. When aPplied to clusters 2L. Tsang and J. A. Kong, 1. Appi. Phys. 53, 7162 (1982).

A.......t~-e host.c anit.hV Gonzalez, Phs Rv B29,60
ri v-i> ~about cliist r size and fractalA. iechadPV.wy.Rv. ,60

-,r-,pclictsa3 far infrared absorption (1984).
;e. 71 -tal vast ly in excess of the
C-7 of the >ielGret

An uianed absoroticn due to eddy 10:00

7-.Thc sijiv ht DII b Observabil1ity of Qu'antum Size Effects in Small

Va irni n -,ai: t- e aro,-aloui far infrared Metal Patce h, Absorption . .DEV TY,

Gor 'o- iashiberg model for far infrare-d asorption by
" r qpo - IyNFthrouch grant D T 81-148S42 small metal particles is reexamined. Although the

oscillations in the absorption coefficient signifying
discrete levels are washed out by the size distribution
for presently available samples1 , nonquadratic frequency
dependence persists below the mean Kubo gap. For a log

D1II Theory of Far-infrared .Xb~orption in Metal Particle nomldsrbtnof2 iaerAuptceswh
£iin~r~il~, W. A. CURTIN and N. W. ASHCROFT, 0=1.2, the crossover to a nonquadratic asymptote should

£iLklitlLL_ -Our theory for the anomalous far-infrared absorp- be observable in the far infrared (2-100 cm1). The
tion in normal and superconducting metal particle composites crossover is broadened by the size distribution, but
Agrees with the data on Sn. The theory assumes the compo- the low frequency asymptote is obtained in the very far
sitt-9 to consist of metal particle clusters. The effective dielec- infrared or micr, aves even if o=1 .6. The prediction of
tric cinstant () -4= I.u=(p W,.) +i ( "(p Wu) of a cluster is calcu. greater than quadratic low frequency asymptotes provides
lati fo a moel cluster with fractions p of metal particles the possibility of an experimental test for quantum size

I nd (1-p) of electrically isolated (coated metal) particles. The effects.
electric dipole absorption of a cluster depends on 1R.P. Devaty and A.J. Sievers, Phys Rev. B22. 2123(1980).
Oii (oI2.t 12) and so the composite absorption is dominated *Supported by the NSF under Grant #DMR-81-07097 and the
by elu,ters with 'ea condition satisfied at p for which Air Force under Grant #AFOSR-81-0121B.

fi(p- _m (_+ The model compogite absorption is thus
mu-ih larger than that predicted by isolate-d particle theories.
The large absorption i.s a general result of the cluster msuimp- 10 12
tin. indt-pendent of the model employed to calculate t(p ,W) DiI 7 T-he -Far- in frnred__Atsopi onof Sall
Tb. inonilou4 superconducting absorption results from Silver Pairtii. 1s I. * Song - il Lee,* Tee Won Noh,
1l. (('- - e " ,) being larger in the superconducting state than in Kei CumnsJ. . aeTh OhoSat
the normal state at frequencies above the gap frequency. Kevnversigs A. new inaings Theo, tne

S U ppotted by the Materisls Science Center at Cornell Used to measure the far- infrared absorption of
Univerity. smell silver particles. The silver particle
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36 Tuesday Afternoon

17.10 silicon (111) surface in excellent agreement with the ~
Ell 14 Static Phonon Dressing of Sine-Gordon Solitons Corresponding -,experimental value.s of 2.2104 for the
oa_ sreLtce P. STANCOFF, S. BUJRDICK, C. molecule and' (2.22+0.0 1)X and (2.17+0.04)A

illlis and Mt. EL-BAANOLNY , Boston U1. *--The modif ica- for surf ace. Predictions have also been made for
tio-.s incurred upon a continuum stationary Sine-Cordon the B18r nuclear Quadrupole coupling constants and
soliton due to the discreteness of the underlying tat- the local density of states for the chemisorbed system.i
tic.e are treated in terns of a static phonon dressing 1.C. Newman et.al., J. Chem. Phys. 25 , 855 (1945).

on neconin usuin The results are comrpared 2.G.tM atrlik and J. 2egenhagen, Fliys. Lett. 104A, 47

soiospulse recently.' Our method of computa- 634(19892).
tii isbe outlined previously.' On the basis of
the rihonon dressinA Picture we identify and discuss
the sources' of tee rmodi ficat ions. Dynamics related 1442
qua ,tities such as the Peieris-Nabarro barrier and EJ 2 Self-Consistent Pseudofunction Method
the soliton pinning frequency are calculated and their Calculations of Band Structure rot Si Surtaces.* D. D.

-,reiation with the pnonon dressing established. Fin- CIIAMBLISS and T. N. RH~ODIN, cornelI. R. V. KASOWSKI
c.the izvortance of the present study for future adi.H SI ~.d~n.-h efcnitn

tetnont of discreteness related dynamical effects pseudofunction method for thin-film band structure
is-otited out, calculations is presented in terms of ira applicability

-pported by DOES Contract #DE-AC02-83ER45029. to the surfaces of semiconductors. This method is a
ij. Airew Combs and Sidney Yip, Phys. Rev. 828, 6823 significant improvement on the SCF-EMTO method' in that

the basis functions contain accurate radial solutions

-K'i. M'artini, S. Burdick, M. El-Batanouny and G. well beyond the muffin-tin radius. Energy bands from
Kr-cetiow, ?hys. Rev. B30, 492 (1984). self-consistent calculations on ideal 4-layer and B-layer

S i(lll) and Si(l00) filmsares pesented and compared wirh
pseudopotential-method results.1

*Supported by NSF DHR 8217227-Aol and NSF Dt. 8303742.
1
R. V. Kasowski and M.-H. Tsai, Phys. Rev. 829, 1043

1984).
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El;First SEW Observation of Surface Reconstruction on C.oheur 3hy . R. che2iko4s00 (95). oi n .L

7 r~eTl '..-'We have studied the effects of H12 and 02 14i54
-srption on the transmi ssion of Surface El ectronagne- EJ3 Sraeticoflaedll nd eOhevdb

aae S~)on W(100) in the 100 region. LEED and ---- Sufc States _____ Clae 11_iani be~dtic Aave .(SWs) E L.inhm -.HNSNadA 3 IVR.sr 1INEN W.s bee prepredby leas0\ aund IquKOid llie I -truer'nal desorption have beer. used to characterize the Tureli I l'IN\W ttMSi.adRI OhIN5 ~Yorkiow n liccns. NY -Clean interfacial surlaces of either degenerate- I -~surface. Large changes in transmission are observed for ly doped S r(eh~ enpeae ycc~n audrlqi icoverages smal ler than saturated coverage ( e=1) As a The bar is spring loaded so that after Icleasini:, the freshly prepared5 fu~nction of 9 the signature of this effect at all fre-
1 to1080cm i as ol - interfacial surface remains in co~ntact producingt a homosuncrion. Thequenci es studied from 886 cm- ino100creaseIs the SEWl double Schtottis harrices at the Cl'aied inicriae' which naturtallv occu,loas: Initially H or 02 adsorption icessteSW due to charge exchange between the bulk and surface otles depin the :Itra nsmi ss ion to a s~a rp max imum at o=0. 21 ±.02 ( e. g. for [I sre stetnnh!brirW ae bc~dvr hr

H a 99 cm1 a16; icrese rome- 0 eve), ut (< sn~ sructure in the tunneling resistance spectra extending severalwith aute dsorption tetransmission decreases, tens of mV in bias ssoltav:. this structure is symmnitric for a given
passing through its initial value at D=0.33+0O.03 and sample but differs in detail from sample to sample rhis structure Is

reaching a broad minimum at e0.62-0.05 (3% decrease consistent ith a model in hich. with ncreasing bias vltage. surfacefrom 8=0 level). The signal then rises until 9--1, butanet decrease remains (5 .7%). Dramatic effects hae states initially above the 1Fermi energy are successiselv tilled As each
been observed with a variety of experimental probes at current nearby. i~ nsI unln9-0.2 where LEED Studies show a transition from a split
c(2x2) pattern to a streaked c(2x2) pattern. Our
measurements demonstrate that this is also the case with 15 06
SEWS. EJ 4 Surface ElectronicStructure of Si(l11l)7x7 and
*Supported by AFOSR and NSF. SO 11)V3xs 3-: AI from A__________---______
'D.A. King and G. Thomas, Surf. Scf. 9? (1960) 201. ___ _;_ - _-Resolved Photooiission.

R. 1. G. UHRI3ERG, G. V. HANSSoN and J. M. NICHOLLS,
Linkong Inst. of Techn. -- he Si)I 1 1)7x7 surface has three
suttface states at - 0.2 eV (Sl), - 0.8 eV (S2) and - 1.8 eV (S3) '

below EF. In the present work we report a dispersion of - 03SESSION EJ: SEMICONDUCT11OR SURF'ACES 11 eV for the S3 surface slate in the lxI Surface fBrillouin zone II
Tuesdy afernoo, 26March1985(SEIZ). The Si(l 11) V3s s':AI surface is found to have sinmilar

Ro. 321 'at 14:30in electronic structure to Si(l 1 1)7x-/. The main difterence is that the
S2 surface state is missing, while we find two surface states, Al
and A3, qualitatively similar to the SI and S3 surface states. A3

14F 30e hasso itnst and a larger bandwidth (- 0.65 eV)
EJ I FiTrst Prinii i'eS. Invp tigation of L(cation and

Elecrcn rjtarP ~ itliiS lioi..~edcomparec, to S3. The observed dispersioni for A3 follows the lx I

S 1 L N .--Self -consistent Field H artree-F Cik fildsraeSaebnsAnteeecyrgo hre Ais~ i found

C uter inesigtins haebeen carried out for These calculated bands are consistent with the exsperimiental
brmn tosceisre nSiII) sufc sn , results if one assumnes that only one band at a time is obs~erved
14 nd27atm cuser. heSi-Br bond 1enoths were in Photoomission.
detemine thouqhminmizaionof the total energyf

the clusters. Our calculations yield 2.21 4 and 2.3*Present Address: Xerox Palo Alto Res. Cir.L
resoectively for Si-Br bond lengths in SiH 3Br l.J68Nrtrp hs Rv et 3 (1984)
molecule and the bromine atop idsorption site on "Submittecc by R.D. Briniais i
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isthere evidence for separate a-too~t rezcoie4) "whijte 15:42
Ines" in the spectra recnnicen* of Sloe core-leve! NJ 12 tMeasurement of the Optical Conductivity of CePdl
spectra of rare earth mnxed-vsiiet t (ov enlt3 from 0. o 0 mV B . EB adA._ T. SIEVERS.
or, irtes. c m oncoinn of tihe :.o,. - 77 Cornell .J.*--The farinfrared reflectivity of CePd 3 has

an 3, -da tn -ris; n eta' 1 :i an-. bieen measured by optical and quasioipticall techniques be-
_onpc~r s were en , 'd. tween 4 and 300 K over the range 0.3 to 500 meV. These

at I3 aLl of the :7- zsv-'n ;oc:c measurements extend the energy range by two orders of r
-~~~~~~ cc 'Ieen.hvdn: magnitude over that previously reoortedl and maD Outth

t-n"w * hni-es in se-.e~iz 7 eiwl te entire spectral region of the low temperature absorptiv-

be compatible with simple conduction electron scattering -

off a resonant level near the Fermi energy. The real
W , .- rortej by the "n!e nbOS-e part of the complex conductivity, which is obtained from

a Kramners-Kronig analysis of the absorptivity data over
a large frequency interval , is dominated by two fre-

* 1.06quency dependent features: a narrow Orude component15.06which shows a 70 fold decrease as energy increases to 3
NJ Q The Effects of Diluting M'ixed Valent Ce Systems meV and a broad Lorentzian component centered at 200with Y, L~a, Lu -and TbT.'IHLS: R. SJ IM, Temple U_ meV.
Y. S. CHAUJG and R. 0. PARKS, Niew Y~ork U. -- The effect *Supported by NSF and AFOSR.
of diluting Ce with Y', La, Lu or fCh on the valence of 7e IF. E. Pinkerton et al., lihys. Rev. B 29, 60q (994).
in mixed valent compounds has been investigated viaL
absorption measurements. The effects of dilution by
Th has been dletermnined for CeRh , CeRu., CeNi and CePd 3 ' 15:54
In all cases Th decreases the V~lence bf Ce e~cept in NJ 13 Electronic Structure of NiO and NiS. G.A.he cse f C~h3 where Ce remains at the saturation nae, . LE n O

vlnevalue of 3.2. The effect of La dilution of CePu 2 AAZY Univ. of__Gro__ __S

is also to lower the Ce valence. The effects of Y dilu - MIKKELSEN, Xerox Palo Adto Res. Ctr.-Phlesso (ES
tion in COOi and Lu dilution in CePd land CeRh 2 have and bremstrahlung rsochroinat spectroscopy (131S) data on
also been deiermi ned. These results 3l Ofq with Comple- cleaved single crystals of NiG and N'S are presented and
mentary investi'atiors by others will be discussed in compared to predictions from band theory and from a local
terms of electran countinq and lat ice pressure effects, cluster Green's-function approach to the Anderson Hamiutonsan.
*Sueiorted by !ISF 0OP 2'3721I-otrs obadIer preoictionsl the band gap of NiG is

**Sur~rte by 'SF DR ~9o97362 to be large, -4.3 eV, but nct determined solely by the

l~ t~even larger d-d Coulomb interaction U-7.9 eV which separates
NJ I F. Ab ~r~~n ~~s o ___ 05112 the d~ PES and the c19 815 peaks. Other states ot the type (d8-

S--I i:, - gand hole) fall inside this correlation gao, causing the charge
C-E" w d CPF , utc'5 _.- T 7 transter (c-I) gap to be much smale, n eemndb h

r- u o'~'' o e2 otipud-nr clectronegativity ot the ligund. We expect mixed va~ence tor
i ' - '-l,(C. .. arid (CPe lCo' have 'leen m-ade in

arcr o et.-reto vleceofm no~.. t.isat metallic NiS. i.e., that the c-I gap goes to zero, but that U
,eredf ., u,'~tr o fcr Ni or Y for Ct. ',e find remains large. This generai picture appears to have application -

thrat the val ence inr,~sas one "axes . rci ,e ii 2 to to the systematics of many transition metal compounds, as will -

Coii Co Co - or from 7 5 to Ce %Fci, and 'odturatc5 be discussed.
at atc'- -' "ee valas in o.th case's. upn the other hard 1, K. Terakura. A.R. Williams, T. Oguchi and J. Kubler, Phys.
tir, ''''i,;ion of Y for Ce in C, o, (i.e. , Ce, )YC02oe.Lt.52'80(18)
does not :nronp the'vil-! of Ce sni in is at ire ' Rv L:.52 83 13)

at 'e rtjraionval,,(i pue CFo,) Thse areslts 2. G.A. Sawaixky & JAW. Allen, Phys. 13ev. Lett 53, 2339 (1984).

wil be I to gred to rec rit studies1 6f the behavior of
ther-,ovri-ic ro-risin these systeois. 1606

0 i . .. NJ 14 Sus cortii e: of Ce Y Co, A Sy'stnx with
I F r.'~'.I. i-tin and T. ihli!cin, J. X'ag. MFag. Strnolv 'arvin~j d Llectron 'M IFtctuations, J. TIMIIri

-,t 47!r and T. "IHAL:5 %, Tc-le J.--- We have mneasured the sus-
ceptib'ility of Cel l~Co, samples with x0O to 1, from 2K

IS to 30. Large variations in the ragnitude of the sus-
__ _''1 an 

5eceptibility at 300K are seon with (300) for YCo3, -4meniu/NJI Ce~Pd.Ohlc, Zrlrl-' '"td PseuID-hinir- mle aiid ,(300) for CeCo, Imemu/oe ' oevr the,
ips: A r a' n"r .o"a v iIt Cer i u! l. ,A,: E. CL I tem7perature dependence or ,across the series changes
an-Ij T. A Ll~N I opl 'S A ,17 -- The upper limit of the va- dramatically. For 0.4.-xv] increases with increasing
lence of Ce remnains a controversial issue. The valence tepriu orthenrern. BtfrxOA d-

detrmied y Ly 1 absrpton eve ere,! t ah "strion creases with increasing te-peratures. At the lowest
value of 3.2 to i.3. We are able tordstte ie ter-rerature ,~ is proportional to 72 for all samples.
valent-trivalent and rixed vdleiit-"satur~ited' valent bar- Evidece will be prestntpo to suip'ort the idea that d
der concentrations for eiO) Ce(Pd,,o and (Celectron spin fluctuatiors are respo)nsible for this be-
Pdli with M = La, Y, Sc, and Th. if we assu:-o that the havior across thc entire series fromi YCo2 to CeCo,.
satujration valence value is .1 and that ea," i-lectron That is, f electron contrib.utions to tare neglicilble,-
added via allayinq is add"1d to the Ce inns. This pre- even in CeCo,. Compvarisins to theor-y will be presented.
diction i' based on the concept rut forward by Harris arid upotdt ;ri'ia1.
coworkprs

1
f that in thissse the 'ii3Au struc turo sSrotdb 1

St~ill Only UP to a MaX; :' nu-ber at electrons ;)ei cellI
Ce;l13 and the related pseudo-binaries listed above for-i i I
the inly system7 for which *te 'nel'ives accurate pre- NJ IS Cep Vflence and Farrorctisity in the Lon ,Th)

* ~~~di ctionh. This, may be due to the f election (tnos i ty of Ru, Systemf-IA,, and T . rliTooeU.'
states far exceedino that of the (I Plectrs in .e~d 3 !i t oe hasecsuredl the normal state resistivity and super-
not in other systemrs suc asCi, Ceh,. etc. 3 conductini 1 'a of Ce," TlPu, sampnles from x'0 to 1. The
*Surportnd by N.SF Y~-~3~.effect of di ut n pr _s L,-;a itlyiied valent Ce with tetra-
1. 3. M. Pountney, 31. M. Winterhottom) and I . R. Harris , valent Th differs re-arkaily from prior r'vults mhtI~ilnod
in Pr are Earths and ltctinili.s, ]971; cI. ly 4. D. Corner for Cc, La Pu_ where, one dilutes Ce with trivalent La,
and S. K., Tanner, The Inst. if P'hys. , London (1973) p.US. and fr,;] aI'.ThxPu2 where one dilutes trivalent La with'

bl8
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VI. PUBLICATIONS AND DEGREES AWARDED (1981-1985)

A) Publications

"Broadband Surface Electromagnetic Wave Spectroscopy," Z. Schlesinger

and A. J. Sievers, Surface Science 102, L29-34 (1981).

"Far Infrared Surface Electromagnetic Wave Propagation Lengths,"

Z. Schlesinger, B. C. Webb and A. J. Sievers, Bull Am. Phys. Soc. 26,

358-359 (1981).

"Attenuation and Coupling of Far Infrared Surface Plasmons,"

Z. Schlesinger, B. C. Webb and A. J. Sievers, Solid State Communications

39, 1035-1039 (1981).

"Intraband Magneto-optical Studies of InSb-NiSb Eutectic," A. K. Chin

and A. J. Sievers, Jour. Appl. Phys., 52, 7380 (1981).

"Spectroscopy with IR Surface Plasmons," A.J. Sievers, Bull. Amer. Phys.

Soc. 27, 262 (1982).

"Dielectric Function of Silver by Surface Plasnions," H. Gugger,

J. D. Swalen, A. J. Sievers, Bull. Amer. Phys. Soc. 27, 343 (1982).

"Influence of the Depolarization Field on Linewidth and Structure of

Adsorbate Vibrational Mode Spectra," Z. Schlesinger and A. J. Sievers,

Bull. Amer. Phys. Soc. 27, 410 (1982).

"Dipole-Dipole Coupling in Adsorbate Vibrational Mode Spectra,"

Z. Schlesinger and A. J. Sievers, Vibrationals at Surface, Asilomar,

California, September, 1982.

"IR Surface Plasmon Attenuation Coefficients for Ag and Au Films,"

Z. Schlesinger and A. J. Sievers, Solid State Commun. 43, 671 (1982).

"IR Surface Plasmon Attenuation Coefficients for Ge-coated Ag and Au

Metals," Z. Schlesinger and A. J. Sievers, Phys. Rev. B26, 6444 (1982).

ir



7" 7.

39 I

"Shallow Traps and the D- center in Ge:Sb; Far-infrared photoconductivity

studies below 1K," E. A. Schiff, Philosophical Mag. B 45, 69 (1982).
F

"IR Surface Plasmon Spectroscopy," in Ellipsometry and Other Optical

Methods for Surface and Thin Film Analysis, F. Abeles ed., Journal de

Physique, Colloque C-10 44, 13 (1983) with Z. Schlesinger. ___

K
"IR Spectroscopy with Surface Electromagnetic Waves," in Dynamics of

Interfaces, L. Dobrzynski ed., Journal de Physique, Colloque C-5, 45 167

(1984) with Z. Schlesinger and Y. J. Chabal.

"Non-linear IR Properties of an LO Phonon in Thin KRe0 4 Films," Physical

Review B 28, 4863 (1983), with L. H. Greene and Z. Schlesinger.

"IR Study of the Adsorption of Oxygen and Hydrogen on W(N0)," Bull. Amer.

Phys. Soc. 29 (1984) with L. H. Greene and Z. Schlesinger.

"Observation of an Index of Refraction Induced Change in the Drude

Parameters of Ag Films," Phys. Rev. B 30, 4189 (1984), with H. Gugger,
1;-1

M. Jurich and J. D. Swalen.

"Infrared Surface Plasmon Interferometry on Clean Metal Surfaces,"

L. M. Hanssen, D. M. Riffe and A. J. Sievers, Forty-Fourth Annual

Conference on Physical Electronics, Princeton, N.J. (1984) D-10.

"The Effect of Melting of the Metallic Component on the Anomalous

Far-Infrared Absorption of Superconducting Sn Particle Composites,"

W. A. Curtin, R. C. Apitzer, N. W. Ashcroft and A. J. Sievers, Phys. Rev.

Letters 54, 1071 (1985).

"The Mie Resonance for Spherical Metal Particles in an Anistropic

Dielectric," R. P. Devaty and A. J. Sievers, Phys. Rev. B 31 2427 (1985).

"Absorptivity of CePd 3 from 5 to 400 meV," B. C. Webb, A. J. Sievers and

T. W. Mihalisin, Jour. of Applied Physics 57, 3134 (1985).

"Evaporated Epitaxial Chronium Films," J. G. Cook, Thin Solid Films 129,

L57 (1985).
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"Observability of Quantum Size Effects in Small Metal Particles by

Absorption Spectroscopy," R. P. Devaty and A. J. Sievers, Bull. Amer.

Phys. Soc. 30, 307 (1985).

"First SEW Observation of Surface Reconstruction on W(100)," D. M. Riffe,

L. M. Hanssen and A. J. Sievers, Bull. Amer. Phys. Soc. 30, 361 (1985).

"Measurement of the Optical Conductivity of CePd3 from 0.3 to 500 meV,"

B. C. Webb and A. J. Sievers, Bull. Amer. Phys. Soc. 30, 638 (1985).

"2DEG in In0.5 3Ga0. 47As/InP Heterostructures Grown by Atmospheric

MOCVD," L. D. Zhyu, P. Sulewski, K. T. Chan, J. M. Ballantyne and

A. J. Sievers, Bull. Amer. Phys. Soc. 30, 209 (1985).
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B) uegrees Awarded and Thesis Abstracts

Zack Schlesinger, Ph.D. 1982 Cornell University.

Dr. Schlesinger is now a Research Scientist at IBM Research Labs, Yorktown
Heights.

Robert P. Devaty, Ph.D. 1983 Cornell University

Dr. Devaty is now an Assistant Professor in the Physics Department at
University of Pittsburgh.

Leonard M. Hanssen, Ph.D. 1985 Cornell University

Dr. Hanssen is now a Research Scientist at T.R.W. Redondo Beach,
California.
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EXPLORING THE OPTICAL PROPERTIES OF DIELECTRIC I

COATED METALS WITH INFRARED SURFACE PLASMONS

Zack Schlesinger, Ph.D.

Cornell University, 1982

The surface plasmon (SP) is a coupled photon-plasmon mode which

exists at metal surfaces. Unlike other bound electromagnetic modes

SP's are not confined to a particular region of space by geometrical

boundaries. Instead their field profiles are determined by the di-

electric properties of the supporting media and their degree of

confinement is very sensitive to small changes in phase velocity. In
this thesis the optical and physical properties of propagating infra.- i ..

red SP's are explored both theoretically and experimentally to deter-

mine the usefulness of this high resolution, surface sensitive probe. ,i

With ir laser sources a comprehensive study of SP propagation

has been carried out at 84 cm 1 and 103 cm-1 using dielectric coat-

ings to vary the degree of confinement of the SP mode. Strong linear

coiipl iri r(curs at coating edges between SP and bulk modes. At 84

cm- SP t ,citatiun is inefficient and plane waves dominate the surface

transmis,ion sinal, while at 1000 cm-1 interference between the SP

nid plane ,,,e modes can be observed. A SP interferometer has been

d.-eloped to measure the SP phase velocity. From SP phase velocity

medsuremnt, at 1000 cm' the infrared mass of Ag and Au is deter-
mir. .

r
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The feasibility of using broadband infrared SP transmission spec-

troscopy to study the vibrational modes of molecules on metal surfaces F

has been demonstrated with the development of a dispersion compensating

edge coupler. For KReO 4 coated metal samples the internal vibrational

mode of the ReO 4- molecules near 1000 cm
- is used to compare the SP

and surface reflection spectroscopy techniques. The integrated inten-

sity of the absorption line is an order of magnitude larger with the

SP transmission technique; however, the overall signal level is too

low to make this a practical technique without further improvements

in SP coupling efficiency.
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FAR INFRARED ABSORPTION BY SMALL SILVER PARTICLES

Robert Philip Devaty, Ph.D.
Cornell University, 1983

The anomalous enhancement by several orders of magnitude

of the measured far infrared absorption coefficient of

composite materials containing small metal particles with

respect to the predictions of simple models has defied under-

standing largely due to a lack of well-characterized and

controlled samples. To address some of the most basic

questions about the effect, a novel composite material--100

diameter Ag particles imbedded in gelatin--was developed and

investigated. The same material can be studied by both far

infrared Fourier transform spectroscopy and transmission

electron microscopy. The volume fracticn, f, of Ag is

adjustable and samples with either well-dispersed or

agglomerated particles can be prepared.

The far infrared absorption coefficient was measured for

a variety of samples and compared with the predictions of the

Bruggeman effective medium model for Drude Ag particles

imbedded in the absorbing gelatin host. Agreement between

experiment and theory was obtained for samples containing

well-dispersed particles with f < 0.15. Due to absorption by

the gelatin, these data only imply a bound of a factor of one

hundred on the maximum possible enhancement, although the

results are consistent with no enhancement whatsoever.



~~~Absorption b h
by the particles dcminates for samples with

f < 0.15, but the measured absorption is never greater than

the prediction of tlheory by more than a factor of about ten.

For samples with f < 0.05 containing deliberately

agglomerated particles, the absorption per particle was

enhanced by up to a factor of ten with respect to samples

with well-dispersed particles. Thus, composite material

containing well-dispersed particles shows no evidence for

ancmalously enhanced absorption, but agglomerated particles

are stronger absorbers cf far infrared radiation.
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An IR Surface Electromacnetic Wave Measurement of

Hydrogen Adsorption and Surface Reconstruction of W(100)

Leonard M. Hanssen, Ph.D.

Cornell University, 1985

Both the clean and hydrogen covered W(100) surfaces are probed with

an inhomogenous electromagnetic mode which is bound to the metal sur-

face. This Surface Electromagnetic Wave (SE.) is generated from a plane

wave spectrum by means of a grating which is directly etched into the

metal surface. A second grating, spaced about 5 cm from the first,

transforms the SEW back into a plane wave infrared beam.

Near room temperature, the temperature dependence of the magnitude

of the SEW signal agrees with the Drude model prediction using the d.c.

resistivity. At high temperatures (>O00K) however, the SEW signal is

attenuated to such a large extent that plane wave radiation generated at

the first grating can be detected as well. Since both kinds of waves

are generated coherently and travel across the surface with different

velocities, interference is observed. This first SEW interferometer on

a clean metal surface is used to directly measure the real part of the

dielectric function in the 10 uim wavelength region. The plasma fre-

quency of W is determined to be hwp=7.0 0.3eV, about 17", larger than

that estimated from other less accurate optical techniques. I

The first SEW spectrum of surface reconstruction has been observed

upon hydrogen adsorption on a W(100) sample maintained near room tem-

perature. The reconstruction of the W(IO0)-H surface is checked

r..%
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and calibrated through LEED observations and thermal desorption

measurements. The SEW signal is found to follow a sigmoid curve as a Irv

function of coverage. Intensity changes as large as 30% of the clean

surface value occur as the state of the W(!O0)-H surface changes. This

extreme sensitivity of the SEW attentuation length to surface

reconstruction is shown to be consistent with changes in the diffuse

surface scattering component of the conduction electron scattering time.

In addition to identifying the SEW signature associated with

surface reconstruction of W(100)-H, it has been possible to identify the

SEW absorption associated with the v, vibrational mode of the hydrogen

saturated W(100) surface. The absorption line is measured to be broad

in frequency, FWHM=120 cm- 1, and of line strengh given by the effective

dipole charge (e*/e)=0.07. These results are in agreement with previous

EELS measurements but contradict an earlier SEW measurement where a

narrow line was found.
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VII. PROFESSIONAL PERSONNEL (1981-1985)

A. K. Chin graduate student

R. P. Devaty graduate student

L. H. Greene graduate student

L. M. Hanssen graduate student I

Z. Schlesinger graduate student

B. C. Webb graduate student

A. J. Sievers Professor in charge
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